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PREFACE

The subject matter of this volume had its origin in a course in Insect

Ecology which was given at the University of Minnesota beginning in the

year 1917. The course underwent a gradual evolution and was never

given twice the same. In 1925 the lecture notes appeared in mimeo-

graphed form for the students. Since that time, the present manuscript

has been in the process of preparation and continual revision. In some

phases of the subject matter results of new researches have been appear-

ing so rapidly that it has been difficult for the work of revision to keep up

with the current literature. In 1930 it became evident that the manu-

script must be closed even though it would necessitate the neglect of

certain new publications.

The volume is now presented for publication in the hope that it may
prove useful to students and research workers in the field of animal

ecology. There is no feeling that the method of outlining the subject

matter is necessarily superior to any other method or that the examples

which have been chosen to illustrate the various principles are the most

important ones to be found in literature. If the volume fulfills its

purpose in aiding those engaged in ecological research it will soon become

out of date.

In so far as possible the material presented has been quantitative.

This is not so much because the descriptive observations of naturalists

are less valuable, but rather because the quantitative results of experi-

mental research lend themselves more readily to critical consideration.

During the course of the preparation of the manuscript, the author has

been aided so much by colleagues at the University of Minnesota and in

the various entomological laboratories in different parts of the United

States and Europe that it is difficult to do justice in thanking them for

their many kindnesses. All of the authors who are cited throughout the

volume in connection with the materials furnished for tables and illustra-

tions are due special thanks for their kind cooperation. Dr. Volterra

gave permission to reprint his paper on the fluctuations of the numbers of

animals as an appendix to this work, thus making it readily available to

those interested in insect ecology.

Special thanks are due to Dr. W. A. Riley, Professor A. G. Ruggles,

Drs. S. A, Graham, V. E. Shelford, E. Booker Klugh, and Chancey Juday.
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The author also wishes to thank Mrs. Marie Spriestersbach, Misses

Frieda Hinnenkamp and Lilian Baird, and Messrs. Ralph King and John

Stanley for aid in the preparation of the manuscript and bibliography.

The author, however, assumes full responsibility for the accuracy of the

manuscript.

Royal N. Chapman.
The University of Hawaii, Honolulu,

August, 1931.
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ANIMAL ECOLOGY
CHAPTER I

INTRODUCTION

Animal ecology, as conceived at present, is of relatively recent origin

although there is much truth in the statement that ecology is nothing

more than scientific natural history. Certain foundations for our present

conceptions of ecology were laid in earlier years by naturalists, physiolo-

gists, zoogeographers, and biometricians.

Buffon (1707 to 1788) is pointed out by Lankester as the only promi-

nent writer on natural history who could be accorded historic rank in the

field of natural history during this early period. Buffon himself opposed

the then orthodox study of the structure and classification of animals,

and called attention to the " bionomics" or inter-relations of organisms.

He popularized descriptions of his observations to a certain extent in 44

volumes published during six years while he was keeper of the royal

garden.

Alexander von Humboldt (1764 to 1859), a botanist and explorer, laid

certain foundations in the field of distribution of organisms in connection

with descriptions of species and the factors of climate and geography

affecting them.

Malthus (1772 to 1844) in his " Essay on the Principles of Population"

(1806) laid foundations in biometrical work which have had a great influ-

ence in biology. This work served as an inspiration for Wallace, Darwin,

and other biologists as well as investigators in the field of statistics.

Isidore Geoffroy Saint-Hilaire in his "Histoire generate des regnes

organiques" (1859) stated in the introduction that the last volume of his

work would be devoted to the subject of "ethology." Unfortunately,

this volume of his work was never published and we have, therefore, only

his statement in the introduction to the earlier volume as to what this

subject matter would be. He defined ethology as follows: "The study

of the relations of the organism within the family and the society, in

the aggregate and in the community." The laws of ethology were said

to relate to the instinct, habits, and in general to the "external manifesta-

tions of organisms." This announcement, by Saint-Hilaire, of his

intention to publish a volume on ethology defined as above is taken by

some authors to constitute priority over the term "ecology" which has

1



2 ANIMAL ECOLOGY

come into current use. It seems quite evident that Saint-Hilaire was
denning the subject matter which we now consider that of ecology.

Haeckel (1869) used the term "Oekologie" and defined it as com-

prising the " relation of the animal to its organic as well as its inorganic

environment, particularly its friendly or hostile relations to those animals

or plants with which it comes in contact." He considered oekologie to

include the general economy of the household of nature.

The present branch of biology which we designate as ecology has

been synthesized from these various beginnings and has been augmented

by numerous investigations such as those of Hensen (1887), Mobius

(1877), and others, which demonstrated the possibility of quantitative

methods and emphasized the conception of an ecological unit or bio-

coenose. It is this conception of a unit of association bound together

by the interdependence of the organisms which formed the association

which has lent a great impetus to the development of ecology.

The advance of plant ecology has been more rapid than that of

animal ecology. This has been due largely to the fact that plants are

sessile and lend themselves to study of local distribution more readily

than do animals. Thus the distribution of plants and plant association

over geographic areas, and the distribution of plant associations in a

series of ecological succession has made much more rapid progress than

has the study of animal associations. Warming's textbook on plant

ecology did much to bring together and organize the material of plant

ecology and stimulate further work.

The subject matter of animal ecology has been brought together to

a certain extent by several authors. Adams' (1913) " Guide to the Study

of Animal Ecology" has served as a source book of literature. Shelford's

(1913) " Animal Communities" is essentially a description of the animal

communities in the region of Chicago, 111. ; but it contains generalizations

with regard to the subject matter of ecology in general, and pays particu-

lar reference to the organisms of various communities. Borradaile's

(1923) "The Animal and Its Environment," gives an elementary treat-

ment of animal ecology including general descriptive matter from natural

history, and relatively little quantitative analysis of the environment.

Other publications on the subject of animal ecology are widely scattered

through the literature. Pearse (1926) published his volume on "Animal

Ecology" which brings together a great deal of the material on the

subject that is largely descriptive.

Elton's (1927) "Animal Ecology" has a dynamic viewpoint which is

stimulating. It has aimed to present principles and has well-organized

material. Some authors seem to wish to emphasize the complexity of

nature without any attempt to show order. Elton has attempted to show

that there may be order even in the most complex systems. He empha-

sizes the importance of the food chains in nature and the relative num-
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bers of animals without setting up complicated systems of concepts and

classification.

Shelford (1929) published his volume "Laboratory and Field Ecology."

In the introduction of this volume he calls attention to the field of

biocoenology, or the study of the associations of organisms, and emphasizes

its importance. However, the volume in general is devoted very largely

to the subject of autecology, and to the methods of analysis of environ-

mental factors. In the second volume of Schroder's "Handbuch der

Entomologie," dated 1929, the first chapter by Anton Handlirsch is entitled

"Biologie (Okologie-Ethologie)." This is devoted very largely to the life

history of insects in relation to their physical and biotic environment.

The British Ecological Society of London began the publication of

Journal of Ecology in 1913. This was originally and is still largely

dominated by plant ecologists. The Ecological Society of America was

founded in 1916 and began the publication of Ecology in 1920 as a quar-

terly journal in which original papers and reviews of significant literature

are published. In the pages of this journal, animal ecology has been

very well represented. The various abstract journals, and the various

indexes to biological literature, are now classifying material under the

heading of ecology and thereby aiding the ecologists in finding the signifi-

cant literature which is so widely scattered throughout the publications

on biology.

Publications on aquatic organisms furnish some of the best examples

of the quantitative work. The purely descriptive work on the natural

history of various animals is voluminous, and often contains observations

which are interesting merely because they are curious. The populariza-

tion of such phases of ecology has attracted the attention of the public

but has undoubtedly been a hindrance to the progress of ecology as a

serious branch of science. Such work has not only tended to congest

literature, but it has added descriptive detail to a subject which needs

more than anything else to be cleared of details until it has been organized

on the basis of verified facts supporting fundamental principles. After

such organization has been brought about, many of the details which

are now cited as being curious may be evaluated and tabulated in the

scheme of things as being significant supporting evidence for the funda-

mental principles, or as mere coincidence of little scientific importance.

THE SUBJECT MATTER OF ANIMAL ECOLOGY

The subject matter of biology or the study of organisms may be

divided on the basis of the biological phenomena which are studied into

certain fundamental branches. We have thus: morphology, or the study

of the structure of organisms; taxonomy, or the study of the phylogenetic

groups of organisms and their relationship to each other; and physiology,

or the study of functions of organisms. The inter-relations of organisms
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in nature may be considered under the subject matter of ecology which
is closely related to physiology, and in the minds of some biologists should

be a subdivision of it. It has been said that ecology, when reduced to

its lowest terms by a process of analysis, becomes physiology; that

physiology, when reduced to its lowest terms by a process of analysis,

becomes physiological chemistry ; that physiological chemistry may in a

similar way be resolved into biochemistry; biochemistry resolved into

chemistry itself; and chemistry itself resolved into physical chemistry;

and physical chemistry resolved into physics. However this may be,

it is clear that an organism consisting of cells and organs is a physical

structure combined in such a way as to produce a very complicated

organism of cells and organs, and that these systems of cells and organs

have certain characteristics as an organism. A thorough understanding

of the physical structures which go to make up this system is of funda-

mental importance to physiology. Similarly the associations of organ-

isms dealt with in ecology consist of organisms which, in turn, are these

same physical systems. It is therefore essential that the ecologist have a

thorough understanding of the principles of physics, chemistry, and

physiology, in order that he may be familiar with the fundamental

properties of the organisms which make up the associations with which he

is to deal. For this reason it is necessary to incorporate into the subject

matter of ecology much that is essentially physics, chemistry, and phy-

siology. However, as will be pointed out in the course of the present vol-

ume, the behavior of systems of population is often dependent upon the

characteristics of the organisms themselves as units. Their rates of

reproduction, food requirements, etc., are characteristics of the organisms

as such. Within the limits of the physical conditions of the environment

which permit the normal functioning of the organisms, the reactions of the

populations are dependent upon the characteristics of the organisms

themselves and are relatively independent of the physical conditions, so

long as they remain within the limits of the toleration of the organism.

The word "ecology" comes from the Greek root "oikos" meaning

home. Literally ecology may be denned as a treatise of the home rela-

tions of organisms. This is essentially Haeckel's definition, which has

already been given. Shelford (1913) gave the following definition:

" Ecology is that branch of general physiology which deals with the

organism as a whole, with its general life processes as distinguished from

the more special physiology of the organs, and which also considers the

organism with particular reference to its usual environment." In his

more recent volume Shelford (1929) says that the third division of

biological sciences is bioecology, which is the sociology of organisms.

Further, he says,

At the present time there is no need and little justification for the term " aute-

cology " as it has been interpreted relative to animals or for that matter for the



/

INTRODUCTION 5

use of the term ecology referring to particular species as very commonly con-

strued. Ecology is a science of communities. A study of the relations of a single

species to the environment conceived without reference to communities and, in

the end, unrelated to the natural phenomena of its habitat and community

associates is not properly included in the field of ecology.

The subject matter of ecology was subdivided by Schroter into

autecology (1896) and synecology (1902). Autecology is derived from

the Greek root, "autos," meaning self; and synecology from the Greek

prefix "syn," meaning together. A committee of which Schroter was

a member made a report to the Third International Botanical Congress

in 1910 (Article 8b) as follows: "The term 'ecology' comprises the whole

of the relations existing between the individual plants or plant associa-

tions of one part of the station to the other part. Ecology, the study of

conditions of environment and of adaptation of plant species is if taken

isolately 'autecology/ if taken in association 'synecology/ " On the

basis of this definition we may therefore analyze the environment con-

sidering each of the physical and biotic factors which go to make it up
separately as autecology. In so doing we may be applying the methods

of physics, chemistry, and physiology, and it is difficult to see how we
may properly appreciate the various factors unless we have so considered

them. We may also study the species of organisms which go to make
up the associations separately, and all this would be considered under the

subject matter of autecology. When these physical factors are put

together and considered as weather or climate making up the environment

of organisms, and when we consider the various species of organisms in

the natural associations in which they occur and study their inter-

relationships with each other and with the environment, we are then

considering the subject matter of synecology. In the study of autecology

it is quite evident that the work is bordering very closely on the field

of physiology and might quite properly be considered as just an aspect of

physiology. It is this aspect of autecology which has given rise to such

statements as those of Shepardson (1929), that ecology is a viewpoint

rather than a branch of science.

In turning to the subject matter of synecology and the treatment of

the interactions of species on each other as a fluctuation of population,

as is done in the Appendix by Dr. Volterra, we realize that we have come
to a field which is no longer that of general physiology, but stands out

more distinctly as that of ecology. Adams (1913) proposed the term

"individual ecology" to represent the conception apparently identical

with that of Schroter for autecology. Adams expressed this conception

as the study of an individual or species either in a restricted environment
or throughout its entire geographic range and including all its relation-

ships to the complete environment. Since Schroter's term has priority

and is more generally accepted, it seems best to adopt it. Adams also
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proposed the term " associational ecology" for the study of the relation-

ships of animals, groups, or those associated in the same habitats and
environments. Again this term seems to be the same concept that is

expressed in Schroter's synecology. DuRietz (1921) presented a dia-

grammatic representation of various theories of the division of the subject

matter of biology and in this included the term " idiobiology " for the

same concept of the study of the individual organism.

Autecology will be interpreted as including the study of the various

physical factors of the environment in relation to insects and other

animals. It is true that this will be essentially physiology, but the

viewpoint will be that of the factor as a part of the animal environment.

This will be followed by a study of the individual characteristic of the

organism and the two main headings will be " Physical Autecology" and

"Biotic Autecology." In the consideration of biotic autecology it is

very difficult to draw a distinct line between the so-called " autecology"

and " synecology," for as soon as the biotic factors begin to operate upon

an organism, we have the interaction of organisms which might be

interpreted as being synecology.

Synecology will be considered as population systems on the basis of

biotic potential and environmental resistance, and as distributional and

descriptive ecology. The discussion of population systems is supple-

mented by the Appendix by Dr. Volterra. Distributional synecology

will include the consideration of the distribution of the associations of

animals in space as chorology or zoogeography, and their distribution

in time as chronology or succession. Distributional synecology is thus

dynamic. Under the chapters on descriptive synecology various types

of environments will be considered. It is necessarily impossible to give

an exhaustive study of any environment, or to list all the species that

belong to the various associations.
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CHAPTER II

LIGHT AS AN ECOLOGICAL FACTOR

Life, as we know it on the earth, would be quite impossible if it were

not for the receipt of radiant energy from the sun. It will not be neces-

sary to dwell at length upon the general importance of solar radiation,

a part of the energy of which is made available in heat for the earth and

a part for chemical reactions. For the present, attention will be confined

to the radiant energy which falls within the limits of human vision,

and to the region of the solar spectrum lying on either side of this, which

we ordinarily think of as light. The radiant energy which is character-

ized by the longer wave lengths will be considered under the topic of

Temperature. From the standpoint of logic, we might well treat radiant

energy as one subject, for it is often difficult to differentiate between

heat and light. From the standpoint of practical pedagogical procedure,

there are certain advantages in differentiating between these subjects.

Light may be defined as radiant energy within the limits of human
vision. For our present purposes, we shall include all the shorter wave
lengths of radiant energy up to and including the visible spectrum. We
have thus included all the energy which is made use of by plants through

photosynthesis and which is stored as coal, oil, and other natural resources

of the earth directly or indirectly used by animals.

Before proceeding with the consideration of light as a factor in

animal ecology, it is well to pause for a moment to consider light as such.

There is possibly no conception more fundamental to physics than that

of the nature of light
;
yet probably the most important current question

in physics is the formulation of a conception of light which will be in

full accord with all the facts which are now before us in regard to this

form of energy. The student is referred to the most recent textbook

in the field of physics and to the current literature in physics for a further

consideration of this question, which involves almost our entire under-

standing of energy and matter as they exist in our universe. It is through

light that we gain much of our information with regard to our physical

environment. For our present consideration we shall look upon radiant

energy as an endless procession of waves, each wave consisting of a mass

of units or corpuscles, and the troughs between the waves as intervals

in which these corpuscles are present in very small numbers. The

frequency of the waves, or the distance from one wave to another, may
be taken as a measure of the different characteristics of radiant energy.

8



LIGHT AS AN ECOLOGICAL FACTOR 9

A figure is presented (Fig. 1) which may aid in orienting the portion

of radiant energy which we are considering as light, with respect to

radiant energy in general. The first line at the top represents radiant

energy up to a frequency of 20,000 meters. Most of this energy is

that which is made use of in radio communication. On a scale as large

as this, we can hardly perceive the area covered by what we are now
considering as light. This is also true of the second line, which goes out

for 40 meters; while the third line has been greatly magnified so that its

Limit dependingon/y on
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Fig. 1.—Diagram of wave lengths of radiant energy. Each line represents a scale of

wave lengths ranging from meters on the top line to hundreths of an Angstrom unit on the

bottom line. If the entire wave length included in the top line had been drawn on the

scale of the bottom line it would extend from the earth to the nearest fixed star. {Taken

from various sources; chiefly from Dr. John Tate.)

entire length goes out to a frequency of one-tenth of one millimeter.

But even yet this line is occupied very largely by waves which we know

as heat. The fourth line represents only one one-hundredth of the third

line; and it is here for the first time that we are aware of the visible

spectrum, which is shown more in detail in the fifth line. It is only

that region which lies roughly between about 4,000 and 8,000 Angstrom

units which is visible to us as light. There are shorter invisible rays which

come to us from the sun, but the shortest of these are filtered out by the

atmosphere of the earth as the rays approach us. Our maximum visual
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intensity does not lie in the middle of the visible spectrum, but slightly

to the short side. The greatest chemical or actinic effect is found in the

shorter waves of the visible spectrum; while the longer waves are charac-

terized by heat. The sixth, seventh, and eighth lines drawn in this

diagram locate some of the various types of shorter rays. New investiga-

tions of these shorter wave lengths are coming forth every day with the

perfection of the technique which will make observations possible.

Investigation emphasizes the importance of these short rays, and the

so-called "cosmic rays" seem to be very important in our conception of

the balance of energies in our universe.

There are two important conceptions to be gained from this con-

sideration of light. The first is that light as a physical factor is not a

500

400

300

5 100

"i 1 1 1 1 —i
Curve / Solar energy outside the atmosphere (m=o)

1 "

3 "

4 "

5 " " " » " " *

e » >. „ » » » »

7 Relative visibility ofradiant energy

for Calama, Chili, Sun in Zenith(nr I)

" Washington D.C. " " " "

" " "Solar 7enifh distance>*60fi7'D

» 7S°T(rn-4)

7'(m-6)

300 500

Fig. 2.—Normal solar radiant-energy curves, showing the distribution in the normal

solar spectrum outside the atmosphere. Wave lengths are given in millimicrons; 1 milli-

micron = 10 Angstrom units. (Kimball, 1919.)

simple entity, but a group of radiations which we shall consider under

one head for the purpose of convenience. The biologist who considers

that his field is complex and that the field of physics is simple, will do

well to consider what is involved in light including both the evidence

as to the constitution of a single light wave and the great array of waves

with all the characteristics belonging to their different lengths. If

the diagram presented had all been drawn on the scale of the last line

at the bottom, it would have extended from the earth to the nearest

fixed star.

The second important consideration for the biologist is the fact that

the field of physics, only a short time ago, considered its conception of

light as almost a dogma. But it is at the present time engaged in the
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process of reconstructing its conception of such a fundamental factor

as light; and in this reconstruction, it has been necessary to cast aside

many old and classical conceptions in order to bring theories into harmony
with facts. Since this has been found necessary in the field of physics,

biologists may expect finality on relatively few subjects during our

present generation.

Methods of Measuring Light.—It is quite obvious from the consider-

ation of the composition of light that it would be very difficult to make a

measure, as to the quantity and quality of light, which would be equally

applicable throughout the entire range. In the shorter wave lengths in

our visible spectrum and the region immediately adjacent to it, we have

a great chemical energy. In the longer wave lengths, we have heat

involved. Any device which depends upon heat in making a measure-

ment will measure the longer rays with relative accuracy, but the shorter

rays with greater inaccuracy. Any device which depends upon chemical

activity will measure the shorter rays with a greater accuracy, and the

longer rays with less accuracy. Any device which depends upon bright-

ness of light will measure, with any degree of accuracy, only that portion

which lies near the center of the visible spectrum.

In an ecological investigation, it is necessary to measure not only

the quality but the quantity of light present. This makes the problem

doubly difficult. The types of instruments commonly in use for the

measurement of light may be classed as: (1) pyrheliometers, (2) spectro-

graphs and spectrometers, (3) photometers or actinometers, and (4)

illuminometers. The first two, pyrheliometers and spectrometers, are

the most satisfactory to the physicist, but are probably less practical

for the ecologist.

A general consideration of the methods of measurement has been

given by Klugh (1927). l Shelford (1929) gives a description of various

methods of measuring light. The pyrheliometer is a standard instru-

ment, the readings of which can be reduced to gram calories per square

centimeter of surface. The principle depends upon the absorption of

heat from the solar radiation. Various types have been made: the

Smithsonian silver disc (Smithsonian Miscellaneous Collection, 1913),

and other types made by Marvin, Kimball (1919), Angstrom (1919),

and the more recent one by Gorczynski (1924). In this instrument a

thermopyle is mounted in a clock movement to follow the path of the

sun. A Richard recording millivoltmeter is connected to record the

thermo-electric current on a strip of paper. Since it is considered that
1 This paper gives the results of comparative readings taken by the Moll-Richard-

Gorczynski pyrheliometer, the MacBeth illuminometer, the Nutting polarization

spectrometer, the Heyde aktinophotometer, the Drew justophot, the Wynne exposure

meter and the neutral wedge with rhodamine "B" paper. The Canadian Research

Council sponsored the experiments to obtain direct comparisons of these instruments

for ecological investigations.
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the thermo-electric current generated by the thermopyle, when exposed

to the sun's rays, is proportional to the radiation intensity, it is possible

to convert the reading directly into gram calories per square centimeter

per minute of time. By the use of various color filters intercepted

between the sun and the thermopyle, it is possible to study the intensity

of the various qualities of light. In so doing, however, one is, in the last

analysis, measuring the heat of the various light rays, and not the

actinic properties of these rays.

Buxton (1926) devised a radiation integrator, which consists of a

glass bulb welded within a vacuum sphere through which the light shines

on the bulb. The latter is blackened in order that it may absorb the

heat from the sun's rays. A tube extends from the bulb out through the

sphere and down into a shelter, which protects it from the sun's rays.

A certain quantity of alcohol is contained in the black bulb. The sun's

rays evaporate the alcohol, which is then condensed in the tube, since

it is shielded from the sun's rays and therefore cooler. The tube into

which the alcohol is condensed, is calibrated to read in cubic centimeters.

The readings are taken at intervals not longer than one day, and the

readings of the quantity of alcohol which has been condensed are used

as a measure of the amount of radiation during the period. The instru-

ment has been standardized against Gorczynski's pyrheliometer, and

the readings converted into calories. Buxton believes this method to be

preferable to that of a black and white bulb thermometer, similar to

that used by Graham (1920). In the latter case two thermometers,

standardized against each other, are mounted side by side in a box which

protects them from the wind. One bulb is blackened; the other one,

painted white; and the difference between the two thermometers is

read off in degrees. The maximum difference for any given period is

taken as 100 per cent of light.

Carter (1930) compared the readings which he obtained from a

black and white bulb atmometer with the readings from a Kimball

pyrheliometer, and concluded that the readings as given by the black

and white atmometer cups were essentially like those of the Kimball

recorder. All of the pyrheliometer methods are alike, in that they

depend upon the heat of the sun's radiation. And it is possible in many
cases that the ecologist will be interested not in the heat but in the actinic

effect of the sun's radiation.

Spectrographs and Spectrometers.—From the standpoint of a study

of the quality of light, nothing can be more satisfactory than a spectro-

graph. However, this instrument is cumbersome and difficult to use

in the field. Furthermore, if quantity of light is to be measured, it is

necessary to make a long series of exposures comparing the long exposures

with the short ones in order to arrive at even a rough quantitative

measure. It would seem that a field spectrograph which could make a
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series of comparative readings for quantitative measurement would be of

great advantage to the ecologist.

Photometers or actinometers depend upon the chemical reaction

caused by the sun's radiation on an emulsion on a paper, film or glass

plate. The range of sensitivity depends very largely upon the emulsion

which is on the plate. The quantitative measurements made by the

earlier photometers (Clements, 1905) were limited almost entirely to

comparative measures.
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The ectophotometer of Klugh (1925 and 1927) employs a set of

standard color filters and the use of rhodamine "B" paper. 1 Klugh has

calibrated this instrument so that it may also be read in terms of total

light energy in gram calories per square centimeter per minute of time.

This instrument, therefore, is able to read both quality and quantity

of light and is sensitive enough to be read even at night in starlight and

moonlight. When the total light energy in full sunlight, as read by the

ectophotometer, is compared with the readings of the Moll-Richard-

Gorczynski pyrheliometer, there is practically a straight-line relationship

;

but in faint sun or in cloudy bright light, the relationship is not a straight-

line one, on account of the greater sensitivity of the ectophotometer as

1 Rhodamine is one of the triphenylmethane papers and Klugh (1927) gives

instructions for making and standardizing it.
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5

1

1

compared with the pyrheliometer. This instrument, the ectophotometer,

may be used for various purposes on land; or the aquatic model, in water.

A simpler type of photometer, which consists of the use of neutral

wedges with rhodamine "B" paper, is described by Klugh (1927). He
used various wedges obtained from the Eastman Company, with grada-

tions from one to one-half, one to one-tenth, one to one-hundredth, and

one to one-thousandth. The one to one-hundredth wedge proved the

most satisfactory. It was mounted in a frame, which made it possible

to make exposures 30 seconds or longer. The most satisfactory method

of reading the results was found to be the use of a standard tint, which

was prepared by exposing the paper to full sunlight with the value of

1.61 gram calories per square centimeter per minute. A standard tint

was then made up to match this color. For the satisfactory use of such

an instrument, it is necessary to estab-

lish a scale of equivalence between the

lighter and the darker tints which may
be found under the various portions

of the neutral wedge.

A similar photometer has been used

in the laboratory at the University of

Minnesota, in which a Goldberg wedge

was mounted in a pocketkodak box

with a shutter, which made it possible

to make exposures of different lengths

of time. Printing-out paper was

mounted under the Goldberg wedge,

and exposures made for different

periods of time. Readings were then made by comparing the times of

exposure with the tint on the printing-out paper. Since the wedge is

calibrated for a per cent of light transmitted, it is possible to find a point

on the wedge at which the change in tint of the paper is fairly dis-

cernible. This serves for a comparison of light intensities between the

two environments. By taking a series of exposures on a strip of paper,

it is possible to draw a line connecting the various portions which show

the slightest change in tint. By comparing the percentage of light

required to make a change in tint in the paper, a comparison of the

light in the environment is made.

Shelford and Kunz (1929) and Shelford (1929) describe the use of

various types of photo-electric cells for the measurement of light. These

may be used either for direct reading or for recording through the use of

a potentiometer recorder. Shelford believes that the photo-electric

cell offers the best possibility for measuring intensity (quantity) and

quality of light. The present limitation to this method seems to be in

getting cells which are standardized. The principle depends upon the

0.389 0.584 0.778 0.973 1.168 1392 1.557

Pyrheliometer

Fig. 4.—Comparison of the neutral

wedge and rhodamine "B" paper with
the Moll-Richards-Gorczynski pryheli-

ometer. (Klugh, 1927.)
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emitting of electrons by a metal when exposed to light. The variations

in the cells are nearly as great as the variations in the light. The day

will probably come when cells will be dependable enough for accurate

work such as is required in ecology. The photo-electric cell has the

limitation of not reading the red end of the spectrum.

Illuminometers have the advantage of giving a reading in foot-

candle power. There are several types of field instruments which are

made and which can be used to good advantage. They, in the end,

depend upon the ability of the reader to compare a standard light with

the light reflected from a disc exposed to the sun, or the light of the

environment.

For a further consideration of the measurements of light from the

standpoint of an ecologist, the student is referred to the papers by Klugh

(1927) and Shelford (1929).

Methods of Controlling Light.—Light is the subject of a great deal of

investigation at the present time from the standpoint of both physics

and biology. One of the difficulties which has been confronted is that

of controlling light for experimental purposes. Biologists, including

entomologists, have usually considered it necessary to carry on all

experiments in hothouses in order that the organisms might be exposed

to what is called
" normal sunlight." We now know that the glass of

these houses intercepts what little ultraviolet light has been able to filter

through the atmosphere of the earth. Consequently, the light in these

houses is not normal. At the present time, we have glass on the market

which is supposedly transparent to ultraviolet light, although there is

some question as to how rapidly this glass will age and become opaque

to ultraviolet light. Artificial light has been used as a substitute for

daylight for many years. It has been used chiefly to lengthen the day

during the period of the year when natural daylight is limited in time.

The flaming carbon arc is one of the most satisfactory from the standpoint

of spectrum, but it requires a great deal of care, needing almost continual

attention.

Harvey (1922) and others have grown plants from seed to fruit

entirely by the use of artificial light, no sunlight being involved at

all. The nitrogen-filled tungsten filament (Mazda) lamp, mounted in

reflectors, is used in most cases. The spectrum is quite similar to that

of natural sunlight with the exception of some of the blues and violets.

These bulbs require little attention, and the quantity of light can be

varied either by distance or by the size of the bulb used. Automatic
switches can easily be arranged for turning the lights on and off at any
desired time. In experimental work with insects, the primary consider-

ation seems to be to maintain the host plant under normal conditions.

The primary requirement seems, therefore, to be that of plant physiology,

and the literature on this subject is constantly growing and needs con-



16 ANIMAL ECOLOGY

tinual attention. Shelford (1929) discusses the general subject of the

control of light for experimental purposes.

LIGHT AS A FACTOR IN ANIMAL ECOLOGY

Attention has already been called to the broad, general significance

of light in all life. There are few living things which we can conceive

of as existing on our earth without the presence of sunlight; even those

that are at present adapted for living in darkness depend for their food

and ultimate source of energy upon some forms which are directly

dependent upon sunlight. It is the greatest single source of energy for

biotic systems. It will not be necessary to dwell at length upon this

general biological consideration. An appreciation of the importance of

chlorophyll as a mechanism of photosynthesis and thereby the basic

source of energy used by biotic systems will be taken for granted. Atten-

tion will be turned to the animal organism, especially the insect, as a

mechanism which is affected in various ways in its energy transformation

by the presence of light. In addition to that, insects in general have

special organs for the perception of light, so that they may be guided in

their activities in searching for food and avoiding enemies.

Effects of Light on Physical and Chemical Processes.—Every organ-

ism consists of a physical structure which accommodates the biotic

system. It is, therefore, of fundamental importance to examine the

effect of light upon the mechanism of this physical structure, before

proceeding to other phenomena which may be classed as affecting the

biotic system of the organism. In the consideration of the character-

istics of the various parts of the spectrum of light, it has been pointed out

that the shorter wave lengths are characterized by their chemical activity.

We may, therefore, expect these short waves to have a great effect upon

the physical mechanism of the organism. It is probably a generally

recognized fact that light must be absorbed in order to have an effect.

A study of the effect of light and the physical processes which underlie

the animal mechanism is attracting very wide attention at the present

time. A detailed consideration of these new discoveries lies in the field

of general physiology and will not be gone into in detail at this time. We
may cite as an example Trondle's demonstration (1910) that a weak

light reduces the permeability of the cell membrane, a moderate light

increases it, and a strong light diminishes it. Here, then, is a process of

fundamental physiological importance which has an optimum light

intensity. Either increasing or decreasing the light changes its function-

ing. Similar conditions are repeated over and over in the physical

systems of nature, and therefore may be looked upon as of fundamental

importance to all biotic systems.

Effects of Light on Biological Processes.—Biological journals are

crowded with new contributions on the effect of light upon animals and
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plants. The tendency of modern research is to study certain wave

lengths of the spectrum. Consequently, most of the current papers are

on the effect of various rays of light, but as yet the entire subject has

not been summarized and the work evaluated in a comprehensive

publication.

Much of the earlier work was done mainly to compare sunlight with

darkness. Thus, Yung (1878) performed some crude experiments,

in which he placed one lot of frogs' eggs in a dish in front of a window,

where they never received the direct rays of the sun. Another he kept

constantly in the dark. Under these conditions, which presumably were

identical except for the presence or absence of light, the tadpoles in the

light grew faster than those in the darkness. Davenport (1908) sum-

marized the earlier work which had been done on organisms in general,

and Bachmetjew (1907) gave a summary of work on insects. Some of the

work up to this time was at least roughly quantitative. Belcard (1858)

is classically quoted for his study of the effect of light on the flesh fly,

Musca, under various colors of light, in which he found that the size

varied; giving the largest under violet; the next under blue, red, white;

and under green the smallest. It is stated that the larvae which devel-

oped under the violet light were three times the length and thickness of

those under the green light. Gal (1898) reared the silkworm, Bombyx
wort, under different lights, and noticed that the growth was different.

The adult females laid more eggs and the cocoons were of larger size

under green light. Next in order, so far as size of cocoons was concerned,

came yellow, red, blue, white, and violet. The number of eggs from the

female, however, did not follow this same order. It will be noticed that

neither the order of size given by Gal nor that given by Belcard follows

any particular system so far as the length of rays of the various lights is

concerned. There may be some question, therefore, as to the signifi-

cance of these earlier experiments. The nature of the evidence probably

does not warrant general conclusions at the present time.

With all respect to the earlier literature, it may be of more advantage

to turn attention to the later and more critical papers on the effect of

light on biological processes. Davey (1919) studied the effect of x-ray

upon mass cultures of Tribolium, and found that it was possible to prolong

the life of a mass culture with a small daily dosage of a:-ray. When the

dosage was increased, the death rate approached that of the normal

culture; but when it was increased still more, the culture died very

quickly. Figure 5 shows graphically the general results of Davey's

experiment. It is interesting to note that the time required for 50 per

cent of the culture to die was 40 days in the control, and was prolonged

to as much as 75 days in the experiments with about the optimum dose

of x-ray. In these experiments, precautions were taken to see that x-ray

was the only factor varying. It is not contended that x-rays are always
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present as a normal part of light in nature. It is quite likely, however,

that by a study of the effect of some of these special rays, we may gain

some fundamental information with regard to the action of light rays in

general. If the time comes when all of the rays have been studied in

detail, we may be able to correlate the information on all of these rays

80 r
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Fig. 5.—Graph showing the time required for 50 per cent of a Tribolium culture to die,

plotted against the daily dosage of x-ray to which they were exposed. (Constructed from
data taken from Davey, 1919.)

and form a general idea as to the physiological effect of light as such on

organisms.

Packard (1926) made a study of the effect of x-rays upon Drosophila

eggs for the purpose of determining whether or not they would be suitable

material for measuring the quantitative biological effect of x-rays. This

author did not find a stimulating effect of the low dosage of x-ray, but

concluded that the Bunsen-Roscoe law of light intensity and time applied
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here. This would mean that a shorter time at high intensity and a

longer time at low intensity would give equal effects. In summarizing

some of his experiments, he concludes that the mortality curves for

Drosophila eggs have the same characteristics regardless of the dosage,

but that the steepness of the curves varied with the intensity of the x-rays.

Packard (1927) concluded that homogeneous x-rays of equal intensity

but different wave lengths, varying from 0.22 to 0.68 Angstrom units,
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produced the same quantitative biological effect on Drosophila eggs,

and he found this to be true also for heterogeneous beams of equal

intensity. Figure 6 is of interest because it seems to indicate that within

the region of 0.22 to 0.68 Angstrom units, which covers in general the

field of soft x-rays, there is not a great deal of difference in the quality

of the rays themselves.

In further experiments, Packard found that by varying the distance

in such a way that two beams of different wave lengths would give the

same intensity, the effects for any given intensity were the same, even

though one of the rays was in the region of soft x-rays and the other in

the region classified as hard x-rays. The particular point of interest

here is that these experiments seem to indicate that the nature of the
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effect is the same over a considerable range of wave lengths, when inten-

sity as measured in Roentgen units 1 remains the same.

Mavor (1927) made a study of the susceptibility of Drosophila to

x-rays in various parts of its life cycle. The graph in Fig. 7 shows the

general results which were obtained. The eggs and larvae seem to have
about the same amount of resistance, but during the pupal stage a very

surprising change takes place. About 20 hours after pupation the resist-

ance of the flies begins to increase, and at the end of pupation the resist-

ance of the animals is about 35 times that at the beginning of the period.

Mavor suggests that resistance begins to develop when the imaginal

organs have been developed, and that this increases during the growth
and differentiation of these organs. With regard to the effect of x-ray

upon the rate of development, Mavor states that there is no evidence of

any pronounced retardation, because of the exposure to x-ray.

1 A Roentgen unit (German system) is that amount of x-rays which will produce,

in 1 c.c. air at 760 mm. pressure and 20°C, an ionization current of one electrostatic

unit.
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Packard (1915) investigated the effect of some of the shorter rays

upon Drosophila. The gamma and beta rays of radium were used, and
the author concluded that the eggs and larvae of Drosophila are not

appreciably affected by gamma rays. The rates of growth are appar-

ently not changed at all, and the adults which emerge from larvae reared

under conditions in which they were exposed to gamma rays are fertile.

With regard to the beta rays, it is stated that larvae and pupae show no

external changes even after an hour's exposure to a high intensity of

beta rays. When the adults emerge, they are at first sterile, but soon

become fertile. This seems to suggest that the oocytes may have been

affected by the beta rays, and that the eggs which are later produced

have been developed since exposure to the beta rays.

As a result of the work which has already been done on the effect

of the short waves of light, it is perfectly clear that these rays may have

a very great effect, also that the effect may vary from one insect to

another, and during the different stages of the life history of any individual

insect. Since this is the case, it is not going to be possible to make broad

generalizations until a large amount of experimental work has been done

and reported upon.

Work on higher animals suggests many other important effects upon

the rates of biological processes. Data are rapidly being accumulated

with regard to the effect of ultraviolet light upon vitamin D in the food

of animals. Some preliminary unpublished experiments in this labora-

tory indicate that certain insects may be affected indirectly by food

which has been eradiated with ultraviolet light. These will be referred

to later in the chapter on Nutrition.

The effects of the longer rays of light upon the rates of the biological

processes of insects have received less critical attention than those of

the shorter rays. It has been the usual assumption that the ultraviolet

portion of the rays of sunlight are necessary for the metabolism of insects.

A search of the results of careful experimental work seems, at the present

time, to lead to the conclusion that if the light conditions are sufficient

for the host plant to grow normally, the insects will grow normally, and

that those which do not require living host plants do not require

light. Parker (1930) grew grasshoppers under artificial light and

supplied the food daily. Under these conditions no alteration of rate

of biological processes was noticed as compared with those which were

reared in daylight. Wadley (unpublished thesis) reared aphids upon

plants under artificial light conditions, and concluded that their growth

was normal so long as the plants were normal. Northrop (1926) pub-

lished the results of some experiments in which he ran mass cultures of

Drosophila at a constant temperature of 25°C, one series being exposed

to light and another being kept in darkness for 230 generations. Food

was very carefully controlled in this case, both series receiving sterile
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yeast as food. Since the lengths of the larval, pupal, and adult life

were practically the same in both series, the author concluded that there

was no evidence to show that inbreeding, absence of light, or growth

in the absence of bacteria had any effect either on the duration of life

or on the ability of the organisms to resist unfavorable bacteria. In

the laboratory at the University of Minnesota, the author has reared

Tribolium confusum during a period of 12 years in the absence of sunlight.

Many of the cultures have been reared in continual darkness, and others

at most have been exposed to the ordinary electric light used for labora-

tory observation. There is no evidence that the absence of light has

made any difference whatever in the periods of the various stages of the

life history, or in any other perceptible way.

It is known that certain insects, particularly those feeding upon green

host plants, are affected by the length of day and, therefore, by light.

Fig. 8.
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Hours of Darkness

-Curve showing the effect upon wing production of alternating the aphids between
six hours of light and various periods of darkness. (Shull, 1929.)

Kellerman (1926) has given a summary of work on photoperiodism in

plants and has summarized the important literature, showing that plants

are definitely affected by the length of day. This is an interesting eco-

logical factor because, leaving aside cloudiness, the length of daylight

is definitely fixed by the angle of incidence of the sun's rays at various

times of the year. Marcovitch (1923), Shull (1927, 1929a and 1929b),

and others have given attention to the effect of photoperiodism on the

production of winged individuals among the aphids. However, aphids

are such highly complex organisms that it is not easy to experiment with

them and make certain as to the quantitative effect of various factors

affecting their lives with their varying sex ratio, their winged and wing-

less forms, and their peculiar method of reproduction. Shull (1927)

found that Macrosiphum produces more winged individuals if reared

under alternating light and darkness, than if reared in continual light.

Continual darkness gives about as few winged individuals as continual

light. Further investigation (Shull, 1929a) has shown a sharp increase

of wing production to be correlated with an increase of darkness from
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10 to 12 hours; a maximum effect with 12 to 14 hours of darkness; and
a gradual decline in wing production for longer periods of darkness.

The effect of the alternating light and darkness is apparently upon the

parent, or upon the young before they are born. Starvation in darkness

did not increase the number of winged individuals, but starvation in

eight hours of light alternating with 16 hours of darkness gave the

maximum number. It seems evident in this case, therefore, that it is

a case of photoperiodism rather than the effect of light as such, for the

rearing in continual light gives about the same results as rearing in con-

tinual darkness. Temperature is important as affecting the production

of wings in alternating light and darkness. At temperatures higher than

20°C. few winged individuals are produced under any conditions of

light and darkness, while the maximum effect is secured at lower tem-

18 20 22 24
Temperature. Dag. C
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Fig. 9.—Curve showing the inhibiting effect of high temperature on wing production
by alternating light and darkness, alternation of 8 hours light with 16 hours of darkness
produces wings in almost all the offspring at all feasible temperatures up to 20°C, but
rapidly loses this effect at higher temperatures. (Shull, 1929.)

peratures (Shull, 1929a). In nature these aphids develop winged indi-

viduals in the fall, when food becomes scarce, and days become short.

This is important in their ecology, for they must migrate to another

host at this time and, in the absence of wings, they would be powerless

to do so.

The conclusions which may be drawn at the present time on the

general subject of the effect of light upon the rate of metabolism of

insects cannot be put in the form of broad generalizations, because of the

lack of information. It is, however, encouraging to note that at least

in certain cases light is not an important direct factor. Such insects as

Drosophila and Tribolium apparently may continue to be reared under

artificial-light conditions for experimental work, and it does not need to

be considered that the experiments are at fault because natural sunlight

is not being used. This is a great advantage, because there is hardly

another ecological factor so difficult to control and experiment with as

light ; and if we may leave it out during the investigation of other factors,

it will be an enormous advantage.
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Effects of Light on Color, Form, and Structure.—In considering the

effect of light upon the color of insects and attempting to evaluate the

voluminous literature upon the subject, it is necessary to keep in mind

the fact that there are several possible ways in which light may act upon

color. For the present, attention is to be called to the effect of light,

during the development of an individual organism, upon its color. This

may come about either through the effect of light upon the development

of the pigment in a fixed pattern, or, as is the case in other groups of

animals, by stimulating the organism to rearrange its pigment to produce

a pattern which the individual may change from time to time.

Poulton (1890) gave a summary of color of animals up to that date.

Bachmetjew (1907) gave a summary of literature upon color of insect?

affected by light. Poulton cites experiments in which the larvae of

certain butterflies, probably Vanessa, were reared on light and dark

backgrounds and the chrysalis colored accordingly; those from light

backgrounds became light colored, and those from dark backgrounds,

dark colored.

Katheriner (1900) reports experiments on Vanessa in which the

larvae were reared under various light conditions. Those exposed to

daylight on a white background gave very light pupae; those exposed to

daylight on a black background or to blue light gave dark pupae. In red

light or yellow light the pupae were orange or yellow. Poulton considered

that these effects were those of light upon the development of pigment;

and this, in a way, formed the basis for his work upon protective colora-

tion and mimicry. Standfuss (1894-1895) and others have carried

Dn a series of experiments in which they have noted the effect of light

upon the larvae as expressed in the adult which emerged. Hase (1929)

reported the action of ultraviolet rays in inhibiting the formation of

_ pigment in certain parasite wasps.

In much of this experimental work, due care was not taken to dis

tinguish between the effects of low temperature and darkness. It is.

therefore, difficult to evaluate these results. It seems, however, quite

definite that light has a very important role in influencing pigmentation,

and that certain organisms under certain conditions are light colored on

light backgrounds, and dark colored on dark backgrounds. Folsom

(1922) states that certain authors have considered this ability of insects

to develop a light pigment on a light background and a dark pigment on a

dark background as permanent protective coloration which may be

regarded as stereotyped and the highly specialized end-stage of a more
ancient ability to change color in response to color changes in the environ-

ment. The ability of certain crustaceans, fish, amphibians and reptiles

to change their color in response to changing environment is well known.
Some of the lizards are particularly adept in making quick changes from

one color to another in response to the changed color of the environment.
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Folsom quotes Wheeler as stating that this ability still exists in the case of

some grasshoppers and mantids.

Perkins (1928) investigated the case of the shrimp (Palamonetes)

,

in which the chromatophors expand or contract when the shrimps are

placed upon backgrounds of different color, the chromatophors being

expanded on black backgrounds and contracted on light backgrounds.

In this case the photoreceptors are apparently in the eyes; for when the

eyes are removed, the chromatophors are continually expanded.

Biedermann (1892) investigated the case of tree frogs and found

that the migration of the pigment in the chromatophors was governed

by receptors located in the toes, and that when these were anesthetized

the frogs were no longer able to change their chromatophors to match

the surroundings.

All of these reactions may be interpreted as methods used by the

organisms to conceal themselves. In the cases just cited the individual

organism can change its color from time to time to match its immediate

surroundings. In the case of insects cited previously, where the pigment

develops to a light color on a light background and a dark color en a dark

background, there can be no change after the pigment is once developed.

In the case of the chrysalis of lepidoptera, which are permanently

attached, there is no occasion to change the color unless the background

should change.

Modern experimental work seems to be becoming increasingly critical

of such interpretations. It is admitted that there may be a process of

selection in which the conspicuous animals are destroyed and the less

conspicuous remain, but the usefulness of the adaptation seems to be in

question. It would seem that the general proposition, when considered

by and large, would have to be accepted, that the development of pro-

tective colors is of value to the organism. Physiological experiments

are hardly to the point in determining whether or not these protective

colors are valuable. When experiments have been performed to show

whether or not members of a population which do or do not have protec-

tive coloration survive or are eliminated, we will have information which

is to the point.

The effect of light upon the structure of organisms in general is a

subject hardly well enough developed to be discussed to advantage.

We know in general that animals which live in the absence of light have

certain characteristics. Cave animals are classically quoted as being

light colored and blind. Biologists of today find themselves in an

embarrassing situation when considering such cases. We have, on the

one hand, the seemingly overwhelming evidence of general evolution,

into which the cases of blind animals in caves seem to fit very nicely.

We have, on the other hand, the skeptical attitude of genetical research,

which denies the possibility of the inheritance of acquired characters,
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which seems to be implied in all interpretation of the structure of organ-

isms which have lived in the darkness for generations. Consideration

of this question leads us rather naturally to the next minor subheading.

The Effects of Light on the Mechanism of Heredity.—The develop-

ment of our modern field of genetics with the allocation of various factors

in genes that can quite definitely be assigned to places on different

chromosomes, seemed at first to shut out all possibility of environ-

mental influence in determining the hereditary characteristics of organ-

isms. It seemed for a time that an organism was predestined to have

certain definite characteristics entirely regardless of what its environment

might be like. The only possibility of any effect by the environment

seemed to be in selecting whatever heredity might present to it. Just

now we seem to be entering upon a new era; for it has been found that

while these genes may be definitely allocated upon the chromosomes,

the fact is that environment may affect the behavior of these chromo-

somes and thereby affect the destiny of the genes. Therefore, environ-

mental factors may affect the hereditary characteristics of organisms

through the mechanism which determines the position which genes are

to have on chromosomes and thereby, in their positions, the new cells.

The mechanism of heredity, which first looked as if it would rule the

effect of environment out, now becomes the agent through which environ-

ment is seen to act.

Weinstein very aptly stated that it is no more correct to say that the

characteristics of an organism are determined entirely by heredity than

it is to state that the area of a rectangle is controlled entirely by its

altitude. The environment is the second dimension in determining the

characteristics of the organism, just as length is the second dimension

of a rectangle, which with altitude determines the area.

As was the case in connection with the effect of light upon the metab-

olism of organisms, so in this case, we have more evidence accumulated

as to the effect of the short rays upon the mechanism of heredity than

we have of the effects of the visible spectrum of light.

The work of Muller (1925 to date) has been stimulating in showing

how z-ray may affect the phenomena of crossing over and the production

of mutations in Drosophila. The publication of new results is occurring

almost daily at the present time, for it is possible now by the use of

x-ray to produce in a few minutes more mutations than have been

known throughout the entire previous history of the work on the genetics

of Drosophila. It is not possible as yet to make generalizations as to

these results further than to state that it has been unquestionably

demonstrated that a physical factor of the environment may affect the

mechanism of heredity in such a way as to, determine the hereditary

constitution of the organisms' which have: oeen exposed to this factor.
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Reference will again be made to the effect of physical factors of the

environment upon heredity in connection with the chapter on temperature.

The Effects of Light on the Behavior of Animals.—The behavior of

animals has become a highly technical branch of physiology and psy-

chology, and will be referred to here only as it relates to the field of

ecology, no attempt being made to give a critical consideration of animal

behavior. Mast (1911) gives a summary of the general work of the

effect of light on the behavior of organisms. Other citations in the

bibliography will aid the student in determining the various types of

work which have been done in this field.

In considering the behavior of animals with respect to light, it is

necessary to distinguish between those organisms which see in the sense

of perceiving images, and those which are able to perceive only the

difference between light and darkness. Practically all adult insects

have eyes which form images, and are therefore able to see. Many of

them in immature stages, however, perceive only the difference between

light and darkness. In the early history of the development of the

theories with regard to the reaction of organisms to light, it was assumed

that the organism acted as a machine, being either positive or negative,

and that no other reaction was possible. However, our more recent

interpretations seem to indicate that these reactions are extremely

complicated and cannot be conceived of as simple machines which go

toward or away from light, depending only upon the intensity of the

light. It seems evident that there are many factors of the environment

which control the condition of the organism at the time of the reaction

and that may modify the action of light as such.

Light may affect animals by producing a response which may be in

the nature of an increase or a decrease or may be, in fact, any change in

the activity of the organism. The familiar Bunsen-Roscoe law states

that the time of exposure is inversely proportional to the light. This

is familiarly expressed in the formula which states, that intensity times

time equals a constant {IT = constant). In this case, light is considered

as visual intensity. Light of the different wave lengths, however, may
have different values in stimulating organisms. It is interesting to

compare the results of Laurens and Hooker (1920) in studying Volvox,

with the results obtained by Mast (1917) in studying the reaction of

blow-fly larvae to light (Fig. 10). Laurens and Hooker used the intensity

of different wave lengths which were necessary to get a response. The
minimum intensity of any light became a measure of its effect upon

the Volvox. The lower the intensity required for a minimum effect, the

greater the effect of that wave length. Mast developed an interesting

technique of comparing two converging rays with each other and using

the relative intensities of one as- compared with the relative intensities

of the other in measuring the effect. It is significant .to note that with
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both of these methods of investigation and with Volvox in one case and

larvae of the blow fly in another, almost the same point of the spectrum

gives the maximum effect (Fig. 10). This is at about 5,000 Angstrom

units. It is to be noted that this is not at the point of maximum intensity

to the human eye, but at a point with considerably shorter wave lengths.

This is in accordance with the results of Lutz (1924), which seem tc

indicate that insects are sensitive to shorter wave lengths than is man
therefore seeing more of the violet and possibly farther into the ultra

violet than we can.

Light is an important factor as a medium through which organisms

react in seeking food and avoiding enemies. The reactions of insects

to light have been studied considerably,

and the earlier literature tended to pro-

duce dogmatic conclusions with regard to

their reactions. Dolley (1916) made a

rather careful study of the reactions of

Vanessa to light, and concluded that many
of the former conclusions were not justi-

fied. He found that if one of the eyes of

the butterfly was blackened, it could still

orient itself with the other eye. This

does not support the theory that if one

eye is illuminated and the other is not,

an automatic mechanistic reaction takes

place over which the insect has no con-

trol. He further showed that with ex-

perience they bettered their reactions.

It is also well recognized at the present

time that other environmental factors may modify the reaction to light.

Minnich (1919) found that while the honey bee is strongly positive in its

response to light at ordinary temperatures, this reaction may be reversed

at low temperatures.

There is ample evidence to demonstrate that certain insects, at least,

react to sight as well as simply to the presence or absence of light. It is

possible that some of the literature of natural history has overemphasized

the value of sight as such. It is natural to attempt to interpret insects'

reactions in terms of human vision, and probably the naturalist of the

past erred in this direction. It is also perfectly evident that physiologists

have tended to interpret reactions entirely in terms of phototropisms

and have neglected all other possibilities in so doing. It is necessary to

base judgment on fact, and at the same time not let a few facts influence

judgment.

Abbott (1919) in investigating the reactions of certain isopods to

directive rays of light concluded that they were usually negative and

500 540

Fig. 10.—The relative stimu-
lating value of spectral lights of

equal energy content as ascertained
from the determination of the mini-

mal duration of exposure necessary to

produce a reaction. (Adapted from
Mast, 1917, and Hooker, 1920.)
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that this reaction resulted in keeping them in their normal environment,

which is under logs and stones. Their prompt reaction to an increase

of light was also interpreted as protective, as in a case when logs or stones

were removed exposing them to light suddenly.

Allee and Stein (1918) concluded that the reactions of certain aquatic

insects were determined by the rate of metabolism of the individual

insect. In such a case any environmental factor which might influence

the rate of metabolism would also influence the reaction to light. Per-

haps we are eventually to come to look upon reactions to light in some
such way as this. We may thus see how difficult it would be to draw
any valid conclusions from a few observations under set laboratory

conditions.

When attention is turned to many of the ecological problems which

involve the factor of light upon the seasonal and diurnal activities of

insects having a geographic distribution which may be correlated with

length of day, with their escape from enemies, and their discernment of

food, the difficulty of getting any true evaluations of the situation seems

almost staggering. However, the situation is to be interpreted rather as

encouraging than discouraging. Even the very field of physics, which

is involved in formulating a conception of the constitution of light, is

itself still in an uncertain condition. An attempt to write an account of

light and its importance in ecology at the present time may be compared

to the writing of a single chapter in a continued story, and leaving off

when only that first chapter is finished. New publications from results

in this field are coming out daily, and some of the results are so startling

that when we have finished reading one, we wait almost in suspense for

the next.

An attempt has been made to cite the papers of importance which

have bibliographies connected with them. It is not contended, however,

that these are the most important papers or that all of the important

papers are there. However, it will serve as a guide to the student who
wishes to go further into the subject of light as an ecological factor.
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CHAPTER III

TEMPERATURE AS AN ECOLOGICAL FACTOR

Attention will now be turned to that portion of radiant energy which

lies just beyond the longest wave lengths of the visible spectrum, which

we have considered under light; and this is temperature. There is

probably no other physical factor in the ecology of animals which has

received more attention than has temperature. This is partly because

its effects are so very evident, and partly because of the great variation

of temperature in time, in both the diurnal and the annual cycles, and

in space over the surface of the earth. It probably affects animals

more evidently and in more ways than any other factor. The factor

itself is measured more easily than any other, and in general the correla-

tion between the changes in temperature and the effect upon the animals

is usually very apparent.

It might have been more logical to have headed this chapter "Heat"
rather than "Temperature," inasmuch as it follows immediately the

consideration of light which is another form of radiant energy. In

dealing with heat we would be confined in our measurements to gram

calories per square centimeter, as an expression of the quantity of radiant

energy. In dealing with temperature we may use the degrees of a ther-

mometer scale. Temperature may be defined as the condition of the

body which determines the transfer of heat to or from other bodies. The
thermodynamic measurements which we shall deal with in this chapter

are on the temperature scale, rather than measurements of the quantity

of radiant energy. Consequently, it has seemed wise to deal with it

under the heading, Temperature. Indeed, it is this ever-present transfer

of energy which becomes one of the most important physical factors of

the environment.

General References to Literature on Temperature.—From the

point of view of general physiology, we find the effect of temperature well

summarized by Bayliss in the last edition of his book. Scattered

citations on the effect of temperature upon insects were well summarized

by Bachmetjew in 1901 and 1907. It is regrettable that we have no

summary of the scattered literature since this monumental work. Such

a summary would bring our knowledge down to date. Davenport (1908)

summarized literature on animals in general, and tabulated certain

critical temperatures for various species. Kanitz (1915) gives a general

discussion of the effects of temperature on biological processes mainly

34
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from a purely physiological standpoint. Shelford (1929) reviews methods

of measuring and controlling temperature.

Experimental Methods of Measuring Temperature.—Temperature

is measured by the change in a physical condition which has been shown

to bear a linear relationship to changes of temperature. The thermo-

dynamic scale is independent of the properties of any material substance.

It is based solely upon the laws of thermodynamics and is accepted as a

standard scale of temperature. On this scale, temperatures are pro-

portional to the pressure or volume of an ideal gas at a constant pressure

or volume. When volume is maintained as constant, temperature is

proportional to the pressure. When pressure is maintained constant,

temperature is proportional to the volume. Absolute zero on the

thermodynamic scale is that temperature at which the pressure of a fixed

mass of an ideal gas maintained at a constant volume becomes zero.

The usual scales of measurement of temperature are all related to the

effect of temperature on water. Fahrenheit obtained a low temperature

by the use of ice and salt, and assumed this to be the lowest obtainable

temperature and therefore called it 0°. He made an approximation of

the temperature of the human body for 100°, though he was not quite

correct in this. The freezing point of water was accidentally 32°, and

the boiling point 212°. On the Fahrenheit scale, 1° = 3480 °f the

difference between the freezing and the boiling point of water. On the

Reaumur scale, which starts with the freezing point of water as 0°, 1°

equals J^o °f the difference between the freezing and boiling points of

water.

The centigrade scale, which is based on the freezing point of water as

0° and the boiling point of water as 100°, is the simplest and most logical

to use for ordinary purposes. However, even this may be misleading for

certain phenomena in connection with which a so-called " absolute scale"

is used. The absolute zero of the thermodynamic scale is — 273°C,

or — 459.4°F. It is interesting to note that this " absolute scale" is

based upon a theoretical "0" arrived at by calculation.

The general consideration of thermometry, together with literature,

will be found in " International Critical Tables," volume I, page 52, 1926,

and in Wood and Cork (1927).

The expansion and contraction of gases, liquids, and solids and the

constants of certain thermo-electric phenomena are the common ones

used in thermometry. By far the most common thermometer is the

mercury glass thermometer, in terms of which nearly everyone visualizes

temperature change. The application of the mercury glass thermometer

is limited by the freezing point of mercury at — 38.85°C, and also by
its size, which renders it difficult to use in certain inaccessible or very

small places. Other liquids, such as pentane, alcohol, and toluene, are

often used in the place of mercury. Their properties may be determined
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in " International Critical Tables." It is sometimes convenient to

make metal thermometers, in which case two strips of metal are fastened

side by side, one of them having a higher expansion coefficient than the

other. When the temperature rises, the metal with the high expansion

coefficient expands more rapidly than the other, which causes the lam-

inated bar of metal to bend, with the metal of the high-expansion coeffi-

cient on the convex side and the one of the low coefficient on the concave

side. A lever attached to one end of this laminated bar will indicate

changes in temperature when a scale has been properly calibrated.

This form of thermometer is taken advantage of in many recording

instruments.

Thermo-electric methods of measuring temperature are very con-

venient where precision is wanted, or where temperature is to be taken

in an inaccessible place. These, in general, consist of two types: resist-

ance thermometers and thermocouples. The theory of the resistance

thermometer is based upon the fact that the resistance which a metal,

usually platinum, offers to the passage of an electric current, is propor-

tional to the temperature. Such thermometers may be made with

extreme accuracy. The use of such thermometers, however, has the

limitation which goes with such laboratory equipment as is required

for the extreme accuracy of measurement of resistance to an electric

current. It is difficult to make an accurate resistance thermometer for

use in a small space. Consequently, they are restricted to certain types

of laboratory work requiring accuracy but not demanding measurement

in a small space.

The thermocouple method is the most usual and most convenient

thermo-electric method employed in ecological work. Robinson (1927)

gives a brief description of this principle. Thermocouples depend upon

the fact that when two dissimilar metals are joined, an electromotive

force is set up at the point of contact, and that the amount of electro-

motive force is directly proportional to the temperature at that point of

contact. This energy apparently represents the excess of electrons

emanating from one of the metals as compared with those from the one

with which it is in contact. Tables of the thermo-electric properties

of metals have been prepared (" International Critical Tables," Vol. I, p.

57). Copper and constantan, an alloy, are very suitable for temperatures

within the range of ecological importance and they both have the advan-

tage of being relatively non-corrosive. When two junctions are made and

one is held at 0°C. and the other at a higher temperature, the electro-

motive force from the warmer junction will pass the weaker current

from the colder junction, making the measurable current in the system

equal to the difference in temperature between the two junctions. Since

the temperature of one junction is known to be 0°C. (this couple being

surrounded by ice and water), it is necessary to know only the factor
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Fig. 11.—Arrangement for multiple
thermocouple assembly with warm
junctions scattered. (Robinson, 1927.)

A\ — A\ = warm junctions. T =
thermos bottle. B — cold junction.

S — switch. G = galvanometer. P =
potentiometer.

for converting the electromotive force, as read in millivolts, into degrees

centigrade. If an ordinary voltmeter is used, the resistance of the wires

leading from the couple to the voltmeter will be an unknown factor in

reducing the current which reaches the voltmeter or galvanometer.

A number of types of potentiometers and pyrovolters have been

designed and manufactured which eliminate the factor of resistance in

the circuit and thus make direct

readings possible. Thermocouples

make it possible to read temperatures

in inaccessible places, such as in insect

bodies, under the bark of trees, and

at various depths in the soil. A series

of junctions may be connected with

the constantan wire from a cold junc-

tion in such a way that any one of the

copper wires may be put in connection

with the pyrovolter or potentiometer

by means of a switch, as shown in

Fig. 11. In this way a series of tem-

peratures may be read in succession by simply closing one switch at

a time to connect the junction at the point where the temperature is

desired to be read.

Methods of Recording Temperature.—Various types of thermographs

are constructed for meeting almost any requirement of laboratory or

field conditions. In general, they are metal- or liquid-expansion ther-

mometers connected with levers and pens for writing the thermographs

on a record. The form of the record may be either a disc of paper which

revolves, or a strip of paper which is wound about a revolving drum.

Some of these instruments are so constructed that the sensitive element

may be several meters from the recording instrument itself. The
thermo-electric method is coming more and more into use in connection

with recording instruments. Commercial firms are now making record-

ing potentiometers and wheatstone bridges which make it possible to

have continuous records made at long distances from the sensitive point.

The specifications of these machines may be obtained from the catalogs

of standard-instrument makers (Shelford, 1929). The apparatus is

fairly expensive; but when it is considered that it may record as many as

16 or 18 points, it will be found less expensive than as many separate

thermographs.

The computation of the mean temperature from the record is impor-

tant. Hartzell (1919) has shown that the so-called "mean temperature"

computed by averaging the maximum and minimum temperatures for the

day is much more apt to give a discrepancy which is positive than one

which is negative. The true daily mean temperature is equal to the
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altitude of a rectangle, the area of which is equal to the area of the

thermograph record from the base 0°. If the record extended below 0°,

the negative area would, of course, have to be included in computing

the area of the thermograph record. Hartzell concluded that a good

approximation for the daily mean temperature may be arrived at by
dividing the sum of the hourly temperature by 24. This gives the mean
hourly temperature as an approximation of the daily mean temperature.

The United States Weather Bureau commonly computes the mean
temperature for the day by dividing the sum of the maximum and

minimum "temperatures by two. This is far from accurate, as the

maximum and minimum temperatures are usually attained for only a

short period of time. Consequently, the resulting mean as given by the

Weather Bureau may be misleading.

Methods of Controlling Temperature.—It is probably true that there

has been more equipment installed in biological laboratories for the

control of temperature than for the control of any other factor. Various

devices have been employed for the production of heat and cold, for the

recording of temperature, and for the turning on and off, of the sources

of heat or refrigeration. The source of energy for either heat or refrigera-

tion is commonly electricity. Consequently, the thermostat must

consist essentially of a switch to turn on and off an electric current,

regardless of the sensitive mechanism that may be used in responding

to the temperature changes. It is usually not practical to have the

thermostat act directly upon the current used for the heat or refrigeration,

for the reason that the high voltage will produce an arc when the thermo-

stat is barely in a position of opening or closing. There are several

methods of obviating this difficulty. There are several cheap thermo-

stats on the market with rugged points which are able to stand whatever

arcking occurs when the current is made and broken.

Another method is the use of a rocking mercury valve. This consists

of a glass tube sealed at both ends and pivoted in the middle. One of

the contact points is at the center of the tube, and the other at one end.

Enough mercury is introduced into the tube to extend from the lower end

to the middle when the tube is tilted. The sensitive element of the

thermostat is so arranged that it will throw the tube from the position

of a tilt in one direction to a tilt in the other direction. This takes

place suddenly, and the mercury is poured from one end of the tube to

the other. When it is at one end of the tube, the mercury makes the

contact between the two electrical points, and the circuit is closed. When
the mercury is toward the other end of the tube, the two points are left

separate, and the circuit is open.

A third and more usual method of avoiding the arcking of the heavy

current is by having a secondary current created by batteries or furnished

through a transformer. This secondary current is made and broken
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by the sensitive element of the thermostat, and this weak current acts

upon an electromagnet which makes and breaks the current on the heating
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circuit. Robinson (1928) has shown a

connection for such a circuit. He also

describes a mercury-toluene thermostat

which is very successful. This can be

made to operate within a small fraction of

1°C, and is very cheap. Figures 12 and

13 show the circuit for a series of cabinets

and also the connection for one of the mer-

cury-toluene thermostats.

Harvey's modification of the Beckman
thermometer principle is a very delicate

thermostat which has wires projecting into

the space occupied by the mercury column.

By adjusting the amount of mercury in the

bulb, the point at which the secondary

current is to be made or broken can be

controlled to an accuracy of several

hundredths of one degree.

In addition to a sensitive thermostat,

it is necessary to have a proper source of

heat and refrigeration. Any ideal tempera-

ture control must be so arranged that the

temperature can be raised or lowered when-

ever necessary. Heat can be supplied

conveniently by either a series of resistance

coils or ordinary electric lamps. These

may be baffled to prevent the light from interfering with the experiment,

if necessary. To get a very careful temperature control, it is necessary
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to have a small heating element controlled by the thermostat, and the

rest of the heat supplied by manual control. If the thermostat operates

a large heating unit, there is apt to be a fluctuation in the temperature

curve as the elements go on and off. The air in the cabinet should be

circulated to prevent any pocketing or stratification.

There are various methods of producing refrigeration which are

described by Kanolt (1924). Where only a slight cooling is required,

ice may be used, but with a continual source of inconvenience. Where
only very small chambers are to be cooled, it is possible to produce

a temperature as low as —54.9° by using proper mixtures of calcium

chloride and snow. For freezing point determinations, a Dewar flask

may be used. This is surrounded by a vacuum chamber similar to

the filler of an ordinary thermos bottle. Material to be frozen may
be put in a tube which is projected down into the flask through a cork

stopper. The tube may then be surrounded by ether through which

air is aspirated. With a little experience, it is possible to produce

a very even gradient of temperature reduction. This same apparatus

may be used with a copper coil connected to a tube of compressed

carbon dioxide with a reduction valve leading to the copper coil. This

method is very satisfactory in a room where the relative humidity is low.

If the humidity is high, there will be the difficulty of the formation of dew
and freezing with the copper tubes.

The most common and convenient method of producing refrigeration

for experimental work is by means of the compression and expansion

of various liquids in which the heat of expansion and evaporization are

taken advantage of. Ammonia, carbon dioxide, sulphur dioxide, and

other compounds may be used. The degree of cooling will depend upon

the difference in pressure between the high and the low sides of the

expansion valve. It must be remembered, however, that the capacity

for heat will be governed by the quantity of gas which is circulating

through the refrigeration coils. Consequently, if the valve is only

slightly open, there may be a great difference of pressure on the two

sides of the valve, but the quantity of gas in circulation may be so small

that its capacity for removing heat will be greatly curtailed. There

are many commercial machines on the market which operate very

efficiently and dependably as refrigeration units.

Many devices are described in literature for controlling temperature

for ecological research. One of the simplest devices is a long chamber

which may be from two or three feet to 10 to 15 feet long, constructed

of some good heat conductor. Some of those which are on the market

in Europe are made of copper. In one end there is an ice chamber, and

at the other end there is a heating unit. These are usually so arranged

that small containers may be placed in the chamber various distances

between the refrigeration unit and the heating unit. The distance
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between the heating and refrigeration units, at which the small container

is placed, controls the temperature to which it is exposed.

Figure 14 shows one of the units which is used in the temperature

research laboratory of the Division of Entomology at the University of

Minnesota. There are a series of six cabinets surrounded by insulation

with double glass doors on the top and at the side. Each cabinet has

its own mercury-toluene thermostat with the corresponding relays

mounted at the end. Each unit operates at a temperature 5°C. above

or below the adjacent units. All cabinets operating below 27°C. are

supplied with a coil, through which brine is circulated by a pump con-

Fig. 14.—Temperature cabinets at the University of Minnesota.

trolled by another thermostat system. The temperatures are recorded

by a Leads-Northrop multiple recorder, which is shown at the extreme

right of the figure. Each cabinet below 27°C. has a double system of

temperature control, one for refrigeration and the other for heat. Day-
light lamps are mounted above the cabinet for use when necessary.

Each unit of the system has its own set of manual valves on the brine

circulation, and it is possible to set the valves in such a way that the

cabinets receive about the right amount of circulation of brine, the pump
which circulates the brine being controlled by a thermostat. Refrigera-

tion is, therefore, automatic after the valves have once been set by
hand for the desired intervals for each cabinet.
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TEMPERATURE AS A FACTOR IN ANIMAL ECOLOGY

Animals are profoundly affected by temperature in many ways.

Probably no other single factor has a greater effect upon their geographic

distribution on the earth, or upon the periods of their activities during

the annual cycle. Within the limits of temperature in which they are

active, the rate of their metabolism and consequently their rate of growth

and reproduction and the resultant population are controlled. Their

behavior, their form and structure, and even the mechanism of heredity,

all come within the influence of this general and far-reaching environ-

mental factor. The influence of temperature extends even farther than

this, in that it affects nearly all of the other physical factors of the

environment. The moisture in the air, the pressure of gases, and the

movement of the air must all be interpreted in terms of the temperature

which is operating at the time. In evaluating physical factors it is

probably a correct generalization to state that light affects temperature,

and temperature affects everything else.

General Effects of Temperature upon Animals.—Animals with regard

to their relationship to temperature fall into two natural groups. One,

the poikilothermic or cold-blooded animals, has no precise mechanism
for regulating the temperature of their bodies. Consequently, their

body temperatures follow more or less closely that of the surrounding

medium. The other group, the homoiothermic or warm-blooded animals,

has a mechanism which maintains the temperature of their bodies more

or less constant and independent of the surrounding medium. The group

of homoiothermic animals includes the mammals and the birds which

are set apart from all other animals in that they essentially carry their

environmental temperature with them.

The ability to regulate temperature is developed very early in the

ontogeny; and as Kendeigh and Baldwin (1928) have shown, nestling

wrens at first are poikilothermic, but very soon become homoiothermic.

Certain of the mammals which hibernate to conserve energy during the

cold weather become essentially poikilothermic during that period, as

will be described under the heading of Dormancy.

Insects are all poikilothermic. There are, however, certain interesting

exceptions in connection with some of the social insects. The honey

bees are able to maintain their temperature as a colony, though indi-

vidually they are not. A colony of bees, then, looked upon as an eco-

logical unit, might be considered homoiothermic. They rear their

brood at a more or less constant temperature and also control the tem-

perature of the colony within certain limits during the winter. Many
social insects control the temperature of their immediate environment

by conserving the heat from their metabolism. Hase (1926) found that

the larvae of the wax moth were able to maintain the temperature of

their immediate surroundings at 11 to 17° above that of the laboratory.
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It is not strictly true that the body temperature of poikilothermic

animals varies with the temperature and is always the same as the

temperature of the surrounding medium. During the time of activity

a certain amount of energy is continually being transformed into heat

in the body; and as long as the rate of radiation from the body is less

than the rate of production of heat within the body, it follows that the

body temperature will necessarily be somewhat above that of the sur-

rounding medium.

Rogers and Lewis (1916) found that the temperature of most poikilo-

thermic vertebrates was very close to the temperature of the surrounding

medium, with a slight lag in the larger forms. Pirsch (1923) measured

the temperature of the honey bee and found that they tended to be

slightly warmer than air at low temperature as long as they were active.

At high temperatures they maintained themselves slightly below the

temperature of the environment, presumably by increased evaporation.

Their ability to maintain their body temperature below that of the

surrounding air, however, was very much limited. When they could no

longer resist the high temperature, death followed, and the temperature

of the bees then assumed the temperature of the surrounding air. Poi-

kilothermic animals are active only within certain limits of temperature

above and below which they are inactive. Various terms have been

proposed to designate these limits of activity. Possibly the most

accepted and expressive terms are the minimum effective temperatures

for the lower point of activity, and the maximum effective temperatures

for the upper limits of activity.

Shelford (1927) uses the term, " temperature threshold"; and other

authors have proposed the term, " developmental zero." The latter

term is not very acceptable because it implies that there is no metabolism

going on, which is obviously incorrect. Below the minimum effective

temperature, life continues in a temperature zone of dormancy. At a

still lower temperature, dormancy is terminated by death, at a point

which may be called the absolute minimum temperature. In a similar

way, life continues above the maximum effective temperature in the

state of dormancy, where there are no outer manifestations of activity.

Again, a greater extreme of temperature produces death at the point

representing the absolute maximum temperature.

A further consideration of the conditions of dormancy due to extremes

of temperature will be taken up under the heading of Dormancy.

Between the limits of minimum and maximum effective temperatures,

there is a zone in which poikilothermic organisms are active. Somewhere
within this zone, there is a point which may be termed the optimum
temperature, where life is at an optimum, not necessarily with respect

to rates of processes but at which conditions are generally most favorable

for the organism. It is difficult to formulate a precise definition of
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optimum temperature. Probably the most significant definition would

be this: that the temperature at which there is the least environmental

resistance to the biotic potential of the organism is the optimum tempera-

ture (see page 183).

Effects of Temperature on Physical and Chemical Processes.—Before

entering upon a discussion of the effect of temperature on biological

processes, it will be well to pause and consider briefly the nature of the

effects of temperature on the physical and chemical processes of the

structure of an organism.

It is hardly necessary to state that temperature has a profound

effect upon all physical processes for, as a matter of fact, our knowledge

of temperature is based upon the changes of physical processes, as for

example, the volume of mercury under different temperature conditions.

One has only to scan the pages of the " International Critical Tables"

to see how widespread this effect is. There have been many attempts

to formulate a precise equation to express the nature of the effect of

temperature upon these processes.

Van't Hoff (1884) made a statement of the general principle of

the effect of temperature on chemical reactions, which has since then

often been cited in literature as " Van't Hoff's law," although it was

nothing new at the time that he stated the principle, nor did he intend

at the time to state anything which would be formulated as a law. This

seems to be a good example of how the statement of an eminent man may
be made into a dogma by subsequent students. In his lectures in Berlin,

Van't Hoff referred to this relationship of temperature to chemical

reaction with the simple statement that by far the larger portion of

reactions seemed to fall between a doubling and trebling as the result

of a rise of 10°C. It is true that he gave it formal expression as:

X* + 10 Q

He then expressed this logarithmically in such a way as to take care of

any other difference than 10°C, and reduced it all to a 10° basis. He
gave the example of the saponification of ethyl acetate by soda, which

solved for a value of 1.89, and followed this by the statement that, while

the great majority of reactions took place with a quotient of 2 or 3, the

table which followed would show the general range. In this table he

gave examples which varied all the way from 1.2 to 7.14. It seems

perfectly evident, therefore, that he had no intention of interpreting

this as a law, but simply as a general principle which varied within wide

limits.

However, the amount of increase of a chemical reaction for 10° is

now designated as Qi , and supposed to have a value of 2. This Q i0 is

almost a sacred number in the literature of physiology.
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Arrhenius (1889) proposed a formal expression of this same relation-

ship based upon the absolute temperature scale by introducing a constant,

the function of which is to bring Qio more closely to a value of 2. He
p/Ty - T \

wrote the expression Ki = Koe^i m m— )
• In this expression T and

Ti are the two temperatures reckoned from the absolute temperature

scale. K is the velocity of the reaction at the lower temperature To,

and Ki is the velocity at the higher temperature 7\. The Greek letter p

is the constant, which is introduced to make the ratio 2, which is the

numerator of this fraction, a constant. The value of ju for most biological

processes ordinarily lies between 12,000 and 16,000. He also said that

there was no essential difference existing between the processes studied

in general chemistry and those produced by living organisms or enzymes

as measured by the values for /jl.

This method of comparing the rates of biological reactions with

those of chemical reactions has been seized upon by various physiologists,

and the value of /*, or the letter q, as it is sometimes written, has been

used for examining the nature of various physiological reactions. Snyder

(1911) in commenting upon this type of work states:

Remembering at the same time that Prof. William Ostwald has referred to the

influence of temperature upon chemical reactions as "one of the darkest chapters

in chemical mechanics," what shall we say of temperature and its influence upon

physiological action . . . The present author believes that the matter is more

complex than that of chemical reaction, as dark as that may be.

Proponents of the theory contend that chemical reactions may be

compound reactions, and that during a portion of the reaction one of

the component parts may constitute a master reaction. During another

portion another component reaction may be the master, the result being

that the curve of the velocities would not be a simple curve, but a com-

pound curve. Different portions of it would have to be considered

differently, and consequently there is no reason why the simple Qio

should apply throughout the entire length. Therefore, the value in

Arrhenius' equation for /j, would have to be changed depending upon the

master reaction controlling the compound reaction at any particular

time. It seems, therefore, that many physical or chemical reactions

are so complex that it is difficult to make a simple formula approximating

the nature of the effect of temperature applied to them very generally.

Qio values, as ordinarily quoted in literature, have no statistical value

at all. This can best be appreciated by referring to Van't Hoff's table,

where the values run from 1.2 to 7.14. This must be borne in mind in

turning attention to the effects of temperature upon biological processes.

Effects of Temperature on Biological Processes.—Turning attention

now to biological processes, which, as has already been stated, rest upon
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a physical structure which should obey the physical laws, we have a

case which is even more complicated than that which has just been con-

sidered under physical and chemical processes.

In comparing the activities of an organism with the rate of physical

and chemical processes, we might make a distinction between the basal

metabolism of an organism, which may be compared quite directly

with a physical and chemical process, and the general activity of an

organism including the search for food, reproduction, and so on. In

measuring the oxygen consumption or carbon-dioxide output of a quiet

organism, we have a process which is quite comparable to that of the

more complicated physical and chemical reactions. But when we
have an organism which spends part of its energy in the search of food

and in reproduction, we have added to our simple process the activity

which insures that the process will go on. Energy, therefore, is being

used for the getting of food to make sure that there will be material for

oxidation and for reproduction, insuring that there will be a mechanism
for carrying on the oxidation in another generation. The basal metab-

olism of the quiet organism is very likely a matter of purely physiological

consideration, though of importance to ecology. The total activity

of the organism is of importance to ecology directly, and is a matter

primarily for ecological consideration.

The fact that there is a general quantitative relationship between

the activities of organisms and the temperature has been recognized

for centuries. Reaumur (1736) recognized that there was a quantitative

relationship and suggested that the total heat as expressed in tempera-

ture summations required to produce complete growth was a constant.

In making these summations, Reaumur used all of the temperature

above zero on his thermometer, which means all temperatures above

the freezing point of water. Von Oettingen (1879) recognized the

straight-line relationship and introduced a definite point on a tempera-

ture scale to represent zero not as the freezing point of water, but as

a threshold of development for the organism. Since this time there

have been a series of investigators attempting to formulate a principle

which would state definitely the linear relationship of the rates of bio-

logical processes to the temperature scale. These have been recently

well summarized by Peairs (1927) and Ludwig (1928).

In 1913 Sanderson and Peairs published rather extensive data on

the effect of constant temperature on rates of insect development,

showing that the reciprocal of the time-and-temperature curve was a

straight line and that above the threshold of development time mul-

tiplied by time temperature gave a constant. The next year Krogh

(1914) published his generalizations based on the rates of processes in vari-

ous types of animals and formulated a principle which has since often been

spoken of as Krogh's law. He concluded that Vant HofFs and Arrhen-
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ius' principles did not give a good approximation to the rates of biological

processes, and he advanced the formula

:

where V t + 10° = Vt + K10,

V represents the velocity at any one temperature, and

K is the increase in velocity,

K10 being the increase in velocity 10°C.

This statement differs from that of Van't Hoff in that the constant is

added, instead of being multiplied, to the rate at one temperature in

order to obtain the rate at a higher temperature. This means that

an increase of 1°C, within certain limits, always produces the same

acceleration in rate of development. The limits within which this

straight-line relationship applies are usually spoken of as the limits of

normal development. The time temperature curve is, within these

limits, a hyperbola, and the rate temperature curve is a straight line.

It was not contended by Krogh, and possibly by no one else, that this

rate temperature line was straight throughout the entire temperature

scale, or even down to the minimum effective temperature or threshold

of development. Krogh showed that as the threshold of development

was approached the line of actual development deviated above the

theoretical line, and that at higher temperatures it deviated by dropping

below the theoretical straight line.

Jacobs (1928) reviewed the possibilities of applying a definite rule

to processes which are involved in the physiology of organisms, and

showed how impossible it is to expect such expressions as those of Van't

Hoff and Arrhenius to apply to many processes which are involved in

the physiology of animals.

Peairs (1927) and Ludwig (1928) have shown that of all the generali-

zations with regard to the relationship between velocity of biological

processes and temperature, the principle as expressed by Sanderson and

Peairs (1913) and Krogh (1914) is probably as good a generalization as

any. Ludwig showed that the adaptation of Arrhenius' formula by
Crozier (1924) cannot well be applied at least to the Japanese beetle

(Popillia japonica N.). The following table from Ludwig shows the

values for /j, obtained for the various stages in the life history of this

beetle. These values according to the formula of Arrhenius as used by
Crozier should be constant, but it will be noticed that they vary from a

— 27,000 to a +66,000 and that in one stage, that of the second instar,

they vary from a —6,175 to a +65,298. These variations in the value

of jj, are often interpreted as indicating that different master reactions

are obtained during the different stages of the life cycle.

Bayliss (1924) points out that there are many processes, such as

diffusion and adsorption which take place simultaneously with the

chemical processes, and states that the velocity of the process as a whole
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Table I.

—

Values of h Obtained for the Japanese Beetle 1

Temper-
ature, °C.

Egg First instar
Second

instar

Third

instar
Pupa

13 -15

15 -17.5

17 5-20

15 -20

20 -22.5

22 5-25

25 -27.5

27. 5-30

27 5-31

30 -32.5

30 -33

32 5-35

43,225

29,734

24,117

20,352

11,688

12,211

8,676

-259

32,707

66,565

35,946

11,255

9,175

124

65,298

24,462

33,912
- 439

-6,175

27,105

18,092

44,914

33,215

26,065

19,934

19,207

14,523

7,321

6,175

-8,909

1 Ludwig, Physiol. Zoology, vol. I, no. 3, p. 379, 1928.

may be conditioned by the factor which takes place at the slowest

rate. In many cases this might be diffusion. It is known, of course,

that during the pupal stage, for instance, the processes going on are

quite different during histolysis and histogenesis. It is difficult, however,

to understand why a second instar larva might have a \x value at tempera-

tures from 15 to 20° of 65,000 and a M value of -6,000 at 27°.

Janisch (1925) and others have attempted to construct exponential

curves which would aid in interpreting the data in terms of straight-line

relationships with deviations above and below the so-called " normal

limit."

All of these attempts to get an empirical relationship expressed

mathematically may be looked upon as of purely physiological interest

and merely as attempts to approximate the effects of temperature on

very complicated processes. Attention will now be called to the use of

the principle of Krogh (1914) or of Sanderson and Peairs (1913) in eco-

logical work, the assumption being that the principle was at least usable.

The following graph of Krogh's (1914b) experiment with developing

frog's eggs will serve to illustrate a number of facts with regard to this

principle. This curve is based upon the time required for certain changes

in segmentation to take place. It will be noted that all of the points

between 7° and 20° lie on the straight line. If the straight line is extended

downward, it will intersect the axis of the abscissa at 2.7°C, which will

mean that, theoretically, no segmentation could take place at this

temperature. By using this point and letting x = temperature in degrees

centigrade and letting y = the time factor, we may express the value of

the points on the time temperature curve as (x — 2.7)?/ = K.

Krogh's curve shows that the rate of segmentation deviated from

the straight line at about 7° and that the rates at lower temperatures
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were greater than might be anticipated. This is generally true of

biological processes and means that the value 2.7° for the minimum
effective temperature, which may be arrived at by projecting the straight

line, is not a true value for the point at which the process will stop.

Shelford calls this theoretical point the "a" point. It is important to

note, however, that this theoretical point can be used in calculating a

constant for points on the hyperbolic curve, while the true minimum
effective temperature (threshold temperature) could not be used in this

way because it lies outside the hyperbolic curve.

At the upper end of the curve there is likewise a deviation from the

straight line. This is to be expected if we recognize an optimum tempera-

ture and a maximum effective

temperature as separated on the

temperature scale. The point at

which the curve deviates from

the straight line will approximate

the optimum temperature, be-

yond which the process is slower

than would be anticipated on the

basis of the rates of development

at the lower temperatures. The
temperature at which the devel-

opment stops would obviously

represent the maximum effective

temperature. Krogh's curve
further illustrates the inadequacy

of Van't Hoff's principle in even

approximating the rates of de-

velopment. The values of Qi

for the process of segmentation

in the frog's eggs are compared with the values for the constant as com-

puted from the time and effective temperature in the following table:

o'4
o

£10

o 8

/

*/

^?
/

/

DC 6

4

1

°6 8 10 \1 14 16 18 10 11 14 26

TemperoH-urcDeg.

Fig. 15.—Graph of the temperature-velocity
relationship for the development of frog eggs
{Krogh, 1914.)

Qio Values of Van't Hoff

3- 5°Q 10 = 5.3
5-10°Q 10 = 4.1

10-15°Qio = 3.0

15-20°Q 10 = 2.0

K Values of Krogh

7.7°(x - 2.7)1/ = 2,410

10.2°(z - 2.7)i/ = 2,490

12.55°(x

16.9°(x

2.7)?/

2.7)?/

303

325

It will be noticed that the Q i0 values decrease from 5.3 at the lower

temperature to 2 at the higher temperature, while K constant of Krogh

remains relatively constant throughout the entire range. Illustrations

of the application of this principle may be found in Sanderson and

Peairs (1913) and Peairs (1927).
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Attention must be called to the fact that each stage of the life cycle

of an organism may have separate temperature characteristics. This

is well illustrated in the study which Ludwig (1928) made of the Japanese

beetle. Table II gives the value for the constant times' temperature

minus the threshold value for the various stages of the life cycle

for the temperature range in which it normally lives. It is important

to note that the third instar is dependent for its length not only upon
temperature, but upon the length of the other instars. When the other

instars are long, it is relatively

short, and when they are relatively

short, it is relatively long. This

is probably due to a nutritional

and maturity factor which will be

referred to later in the chapter on

nutrition. In no two stages are

the values for the day degrees the

same. And when the day degrees

for the entire life cycle are totaled,

the values are slightly different for

each temperature. The following

figure, which is taken from the

complete data of Ludwig, shows

how the values for rates of develop-

35 40

Fig. 16.

10 25 30

Temperature

-Comparison of the rates of de-

velopment of each stage of the Japanese beetle. ment at^^ temperature conform
{Ludwig, 1928.) r

to the straight line. Each stadium

of the life history has a different temperature coefficient, as is shown by

the inclination of the straight line.

Table II. Day-degrees Required for the Complete Life-cycle of the
Japanese Beetle 1

Stage 20°C. 22.5°C. 25°C.

Egg-.

First instar

146.3

245.1

456.9

340.6

128.2

141.5

201.0

448.2

676.8

129.0

133.2

221.9

Second instar 351.9

Third instar 1,141.9

Pupa 122.0

Total 1,317.1 1,596.5 1,970.9

The difference in the temperature characteristics of the different

stages of the same organism is a general one. In fact, it is probably

true that the same stage of different insects may be more alike than the

different stages of the same species.
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Another example is illustrated in the study of grasshoppers. In

the following graphs (Figs. 17, 18, 19, 20), the curves of time and tem-

perature, as well as the reciprocals, are shown for the different stages

30 35 40

Deg.C.

Fig. 17.—Time- temperature
curve for the development of eggs of

Melanoplus mexicanus mexicanus
(Grasshopper). {Parker, 1930.)

25 30

Deg. C.

40

Fig. 18.—Velocity-temperature curve
for the development of eggs of Melanoplus
mexicanus mexicanus. {Parker, 1930.)

10 35 4015 30

Deg.C.

Fig. 19.— Time - temperature curve

of development of nymphs of Melano-

plus mexicanus mexicanus. {Parker,

1930.)

°- E

15 20 35 AO15 30
Deg.C.

Fig. 20.— Velocity - temperature
curve of development of nymphs of

Melanoplus mexicanus mexicanus.

{Parker, 1930.)

in the life cycle of a grasshopper, Melanoplus mexicanus. It is evident

from these that the rates of development for the different stages of the

same species may be so different that it will be necessary to make separate

calculations for each stage. The time- and temperature-development
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curves for the eggs and nymphs of Melanoplus mexicanus are taken
from Parker (1930). The data on the hatching of the eggs are

interesting, as the optimum temperature is at about 27°, and above
this point the time is lengthened and the curve representing this

prolongation of time of hatching is a hyperbola. There is only one point
below 27°, but this point taken with 27° indicates a minimum effective

temperature of 18°C, which substantiates laboratory experience.

The time of hatching

at the various tempera-

tures is the average time

in each case. At 22°

the time varied from 42

to 100 days (probable

error +3.879), at 27°

from 23 to 28 days, at

32° from 21 to 38 days,

and at 37° from 23 to 68

days. The rate was most

uniform at 27° where

conditions were opti-

mum, and the greatest

variation came at

the higher and lower

temperatures.

The data on nymphal development do not indicate a definite optimum,
although there is a deviation from the reciprocal of the time-temperature

curve at the higher temperatures. The values for Q 10 and the constant

[{x — 17)?/] are given to show the relative constancy of the two values

for the nymphal development of Melanoplus mexicanus.
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Fig. 21.—Rates of nymphal development of four
species of grasshoppers at constant temperatures of 22°,
32° and 37°.

22° constant = 425
27° constant = 490
32° constant = 450
37° constant = 500

22-27°Q 10 = 3.46

27-32°Q 10 = 3.26

32-37 Q,o = 2.40

In this case the maximum difference in the values for the constant is

75, which is 11.9 per cent of its mean value. The maximum difference

in the values of Q i0 is 1.06, which is 34 per cent of its mean value. There-

fore, Krogh's approximation is better than the Qio of Van't Hoff.

Shelford (1927) proposes a developmental unit based upon the

differences between the amount of development in one hour at one tem-

perature and the amount of development in one hour at one degree higher

temperature. He terms this the developmental unit of one hour of one

degree of mean medial temperature, defining medial temperature as

that temperature within which the temperature-rate curve is a straight
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line. This is a convenient unit for use in making calculations of the

effect of out-of-door temperature. It is possible to obtain a mean
hourly temperature throughout the period and then apply the unit for

one degree of mean medial temperature to the temperatures out of doors.

This will be returned to under the consideration of the effects of climate

upon insects.

Bodenheimer (1924) calls attention to the formula of Blunck as

being a new expression for the relationship of time and development.

It is, however, an expression of the same fundamental nature as that

involved in Sanderson, and Peairs, and Krogh and the expressions of

many others.

The validity of work done with constant temperatures is often

called into question from the point of view of ecology, for the reason

that temperatures in environments usually are not constant. Probably

the time has not yet arrived for making generalizations with regard to

the effects of alternating temperatures on animals in general. It is

certain that the evidence before us at the present time is not all in

agreement. Shelford (1929) states that

the crucial variable-temperature experiments must be done with minimal medial

temperatures occurring at night and with temperatures rising to maximal

medial during the day. These experiments will usually show an acceleration of

development as compared with constant temperatures of the same numerical

value as the mean of hourly readings of the variable temperatures.

In the codling-moth pupa the acceleration amounted to 7 per cent, as

shown by a decrease in the developmental total.

Ludwig (1928), as a result of his study on the Japanese beetle, drew

certain conclusions with regard to the effect of alternating temperatures

upon this insect. He says that the effect produced by alternating

temperatures depends upon the temperatures involved.

1. If one of the temperatures is above the optimum of development and

the other is between the threshold and the optimum, the rate is retarded.

He believes this can be explained by the assumption that in general

the rate of development is retarded at temperatures above the optimum.

Therefore, when all the rates are taken into consideration, there is a

general slowing due to a sort of algebraic sum of a series of rates, all of

those which are lying above the optimum showing a retardation.

2. If both the temperatures alternating are between the threshold and the opti-

mum of development, neither an acceleration nor a retardation of rate is produced.

3. If one of the temperatures involved is below the threshold of development

and the other is between the threshold and the optimum, the rate is acceler-

ated . . . However, if the threshold temperature is used as a minimum in the

calculation of the mean-constant temperature, the rate falls on a straight line.

It is, of course, true that wherever the threshold or minimum effective

temperature is involved, the question may be raised as to whether
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or not the true threshold value is known and whether there may not

have been some development at temperatures below that at which it

is assumed that development stopped. Ludwig believes that his general-

izations may help to explain some of the apparent contradictions in

the results of various investigators, since most of these people work
under field conditions where the temperatures involved usually go below

the minimum effective or threshold values. There is, however, certain

evidence which seems very dependable and which cannot be harmonized

with the conclusions of Ludwig.

There seems to be no better example than the data of J. R. Parker.

Table III. -Comparison of the Rate of Development of M. mexicanus Nymphs
at Constant and Alternating Temperatures

Some nymphs held at constant temperatures from time of hatching until they

became adult; others held at a low temperature for 16 hours daily, and at higher tem-

peratures for eight hours daily. Twenty nymphs used for each set of temperatures.

Constant Temperatures

Temp., °C. Days in nymphal stage Percentage of total nymphal development per day

22

27

32

37

85

49

30

25

1.176

2.040

3.333

4.000

Alternating Temperatures

Low temp. High temp.
Per

cent

develop-

ment
per day

at

altern.

temp.

Per

Total

per cent

develop-

ment at

const.

temp.

Theo-

retical

days in

nymphal
stage at

const.

Actual

days in

nymphal
stage at

altern.

temp.

Per

cent

develop-

ment
per day
at const.

cent

16 hr. daily at

low temp. 8 hr.

daily at high

temp. Days

De-
velop-

ment Days

De-

velop-

ment

increase

in rate

of de-

velop-

ment at
per

cent

per

cent
rate temp. temp. altern.

temp.

22 and 27 40.00 46.80 20.00 40. SO 87.60 68.5 60 1.46 1.66 13.7

22 and 32 32.66 38.21 16.33 54.37 92.50 52.9 49 1.89 2.04 7.9

22 and 37 27.33 31.97 13.66 54.64 86.60 47.3 41 2.11 2.44

Average

15.6

. .12.4

12 and 27 71.33 35.66 72.74 72.74 147.0 107 0.68 0.93 36.7

12 and 32 40.66 20.33 67.69 67.69 90.0 61 1.11 1.64 47.7

12 and 37 32.66 16.33 65.32 65.32 75.0 49 1.33 2.04

Average

53.3

..45.8

In this case nymphs of the grasshopper, Melanoplus mexicanus, were used

in the experiment. All conditions other than temperature were main-

tained as nearly constant and equal as possible. A condition of alternat-
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ing temperature was simulated by keeping the grasshoppers for eight

hours at a higher temperature and for 16 hours at a lower temperature

during each 24-hour period. The nymphs were hatched from eggs

collected in the fields in the same locality, and were divided into lots

of 20 each, and exposed to the conditions of the experiment. Four

lots were held respectively at constant temperatures of 22, 27, 32, and

37°C. for 24 hours each day. The other lots were so divided that three

were kept for 16 hours at 22°; and then one of the lots for eight hours

at 27°; another for eight hours at 32°; and another for eight hours at

37°. This was to simulate a night at 22°C. with days at the three

temperatures described. Three other lots were held at 12°C. for 16-hour

periods; and then given eight-hour periods at 27, 32, and 37°, respectively.

Table III gives Parker's results for these experiments. In this table

the author has summed up the total time spent at the low temperature

and the total time spent at the high temperature, and then has evaluated

this time in per cent of development on the basis of the constant-tempera-

ture experiments. When the per cents of development for the sum- of

all the nights and the sum of all the artificial days are added together, he

obtains not 100 per cent of development but considerably less.

The per cent of increase in rate of development, as given in the table,

is arrived at by taking the difference between the per cent of development

per day at constant and at alternating temperatures on a percentage

basis. In the case of Melanoplus mexicanus nymphs, the threshold

temperature is 17°. Consequently, the second series was exposed to

temperatures lower than the threshold temperature ; and the acceleration

was much greater than that of the first series, which was exposed to a

temperature of 22° and presumably never ceased development. The
case of Parker's data on the hatching of eggs is perhaps an even better

example of the effect of alternating temperatures than the one just cited

for the nymphs.

The grasshopper eggs used in these experiments were collected from

the field in the spring, and then exposed to the experimental conditions

described. The general principle involved in these experiments is

exactly like that used with the alternating temperatures on grasshopper

nymphs. Two species of grasshoppers were involved, and it will be

noticed that the general nature of the effect was the same in the case

of both species. The per cent of acceleration when 22° was used in

a 16-hour artificial night was less than that when 12° was used for the

artificial night. The per cent of acceleration, however, is so great that

it seems to leave little doubt as to what happened in this series of experi-

ments. (See Table IV taken from Parker, 1930.) .

The acceleration found in the experiments with the eggs is very

much greater than that found in the - experiments with the nymphs of the

grasshoppers. This may be explained on the basis of the past history
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of the eggs. They were laid during the previous summer, were in the soil

over winter exposed to various low temperatures, and then collected

in the spring. It was found that if the eggs of Melanoplus mexicanus

were placed at 0°C. immediately after they were laid, and then later

exposed to higher temperatures of 27, 32, and 37°, they developed much

Table IV.

—

Comparison of the Rate of Development of M. mexicanus and C.

pellucida Eggs at Constant and Alternating Temperatures

Over-wintered field-collected eggs kept at constant high temperatures until

hatched. Some also held at low temperatures for 16 hours daily and at higher

temperatures for 8 hours daily. Two hundred eggs used for each set of temperatures.

Constant Temperatures

M. mexicanus C. pellucida

Temp., °C.
~ , , . , Per cent develop-
Days to hatch 1 ,

ment per day
Days to hatch

Per cent develop-

ment per day

7.69

14.20

20.00

25.00

7.69

12.50

16.66

20.00

Alternating Temperatures, M. mexicanus

16 hr. daily at

low temp. 8 hr.

daily at high

temp.

Low temp.

Days

Per

cent

dev.

at

const.

temp,

rate

High temp.

Days

Per

cent

dev.

at

const.

temp,

rate

Total

per

cent

dev. at

const,

rate

Theo-

retical

days to

hatch at

const.

temp. 1

Actual

days to

hatch at

altern.

temp.

Per Per

cent cent

dev. per dev. per

day at day at

const. altern.

temp. temp.

Per

cent

increase

in rate

of dev.

at altern.

temp.

22 and 27

22 and 32

22 and 37

12 and 27

12 and 32

12 and 37

5.33 40.9 2.67 37.9 78.8 10.1 8 9.9

4.00 30.7 2.00 40.0 70.7 8.4 6 11.9

3.33 25.6 1.67 41.75 66.3 7.5 5 13.3

9.33 4.67 66.3 66.3 21.1 14 4.7

6.00 3.00 60.0 60.0 15.0 9 6.6

5.33 2.67 66.7 66.7 12.0 8 8.3

12.5

16.6

20.0

Average

7.1

11.1

12.5

Average

.

26.2

39.4

50.3

.38.6

51.0

68.1

50.6

.56.5

C. pellucida

22 and 27 6.00 46.1 3.00 37.5 83.6 10.7 9 9.3 11.1 19.3

22 and 32 4.67 35.9 2.33 38.8 64.7 9.3 7 10.7 14.2 32.7

22 and 37 4.00 30.7 2.00 40.0 70.7 8.4 6 11.9 16.6

Average

39.5

..30.5

12 and 27 9.33 4.67 58.3 58.3 24.0 14 4.1 7.1 73.1

12 and 32 6.77 3.33 55.4 55.4 18.0 10 5.5 10.0 81.8

12 and 37 6.00 3.00 60.0 00.0 15.0 9 6.6 11.1

Average

68.1

. .74.3

Theoretical days to hatch at constant temperature rate =

actual days to hatch at alternating t. X 100

total per cent of dev. at constant t. rate
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more rapidly than they did when placed directly at these constant

temperatures. The acceleration found varies directly with the constant-

high temperature to which the eggs were returned, and amounted to over

136 per cent at 27°, 357.5 per cent at 32°, and 558 per cent at 37°. The

acceleration increased at all three temperatures with the length of

time exposed to the low temperature until a period of 242 days was

reached. Exposing the eggs to 0° for from 240 to 500 days resulted

in only a very slight increase in the rate of development. When the

eggs were partially developed before they were exposed to low tempera-

ture, there was also an acceleration; but in this case the maximum
acceleration was reached at about 60 days instead of 240 days, as in

the case when undeveloped eggs were placed at low temperature.

A comparison was made by Parker between the effect of exposing

partially developed eggs to 0°C. for a period of time before returning

them to a high temperature, and exposing another lot to 8°C. before

returning it to a high temperature. It was found that the acceleration

was greater when exposed to 0° than when exposed to 8°. It would be

difficult to explain these results on the assumption that some develop-

ment went on below the minimum effective temperature, for those which

were exposed to the lowest temperature had the greatest acceleration.

Parker's results on the effect of temperature on the eggs of grass-

hoppers are of great ecological significance. These grasshoppers lay their

eggs during the latter part of the summer and early fall. Some of the

eggs go through considerable embryonic development before cold weather

arrives, but in the spring they all hatch at approximately the same

time. In the experiment it was found that exposure to low temperature

for about 60 to 240 days gave the maximum acceleration. Beyond
that period of time it made little difference. This is approximately

the length of time that these eggs are exposed to low temperature in

nature. Since the hatching of eggs is retarded by temperatures above

27°C, those eggs which are laid relatively late in the summer or early

in the autumn and are exposed to high temperatures are retarded, and

later are accelerated by the low temperature of the winter. Furthermore,

the eggs which develop during late summer are accelerated the least

by low temperature, and vice versa. The result is that nearly all eggs

are brought out at about the proper time in the spring.

It is possible to look upon the question of the effect of varying tem-

peratures as the normal effect, and that of constant temperatures as

abnormal. From this point of view, it would seem more logical to speak

of the retarding effect of constant temperature, rather than of the

stimulating effect of alternating temperatures. There are, however,

a large group of organisms which live in environments which are very

constant in temperature as, for example, organisms living in the bottom
of deep lakes. It is very possible, therefore, that it will not be wise
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to make generalizations which supposedly apply to all animals until we
know more about the effects of temperature on these forms.

Dawson (unpublished thesis) found that alternating temperatures

apparently had little effect upon the cocoons of certain moths, which

are ordinarily exposed to great variations of temperature. It seems

most likely that some ecological grouping will be made of organisms, and

it will be found that temperature behavior will vary with ecological

conditions. This is a promising field of research for the future. The
varying temperatures of nature are the most important from an ecological

point of view, but it has probably to pass through the laborious

stage of physiological investigation of constant temperature in order to

lay a foundation for the understanding of the varying conditions of nature.

The Extremes of Temperature.

Attention has already been called

to the fact that the rates of

biological processes are slowed

down as temperatures approach

the extreme. This slowing down
is much more noticeable and much
more gradual as the low tempera-

ture is approached, and is so

rapid at the higher temperature

that it is hardly noticeable, the

organism passing from a rapid

rate to a secession of development

very quickly. Lists of extremes of

temperature which various insects

have been known to endure have,

been published by Bachmetjew

(1907), Davenport (1908), Folsom (1922), and others. The absolute

maximum temperature is in general in the region of 48°C. There is seem-

ingly less variation in the absolute maximum temperature among the

various species than in the absolute minimum temperature. Presum-

ably the coagulation of protein is involved in death at the high temper-

atures. Pirsch (1923) found that honey bees seemed to be able to

depress their temperatures slightly at very high temperatures (Fig. 22).

This depression is due presumably to evaporation and can be maintained

for only a very short period of time and only through the range of a few

degrees centigrade.

Chapman, Parker, Mickel, and others (1926) found that there was not

necessarily a correlation between the absolute maximum temperature

which an insect might endure, and the environment in which it lives.

The Bembix wasps, some of the predominant species of the sand dune,

are not able to endure high temperatures. They escape them through
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their behavior by alternately digging for a few seconds on the sur-

face of the hot sand and flying about rapidly a few inches above, where

the air temperature is considerably lower. It was found that species

from the forest had neither the ability to endure the high temperature

nor the protective reaction to avoid it. Reaction to avoid high tem-

perature is much more certain than reaction to avoid low temperature,

for activity is usually rapid and the organism can act to escape the

extremes. But at low temperatures, where activities are already greatly

slowed, reaction may be very sluggish and very indefinite.

Johnson (1895) cites the example of a Stratiomyid larva found

in a hot spring by Bruner supposedly at 69°C. It seems uncertain as

to whether the larva was actually at this temperature, which is 20°

higher than would be expected. Brues (1928) made a study of the fauna

of the hot springs of the Western United States, and found that the flies

(Diptera) and the beetles (Coleoptera) were very abundant. Among the

Diptera he found one species of Stratiomyidae (Odontomyia) at a tem-

perature between 49 and 50°C. Table V shows the general results

of the stratiomyid family in general, and it will be seen that they range

from 28 to 50°C. In the case of these thermophilous insects, there

can be no doubt that they endure the temperature of the water which

surrounds them, for there is no known mechanism for their depressing

their temperature below that of the surrounding medium. The tempera-

tures endured by the
64

beetles go through

almost the same range.

Figure 23 shows the

distribution of species

as Brues found them
in hot springs. It

will be noticed that

relatively few of them
are able to endure

temperatures as high

as 45 and 46°. Only

five species

taken in water above

40°C. Brues states that probably no beetles are reported to have been

found in water the temperature of which is higher than 46°, except some
reported in records which are possibly slightly in error.

Graham (1922) found certain buprestid larvae living under bark

at a temperature of 52°C, and found also that a large percentage of

larvae at the higher temperatures under bark were killed. It would
be possible to continue to cite records of high temperatures which
have been endured by insects; but it seems sufficient to call attention
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Table V.

—

Temperature, Specific Gravity and pH of Water when Certain
Dipterous Larvae Were Found 1

Hot spring,

No.

Temperature,

°C.
S. G. pH Name

1 38.7 1.0039 8.1 Odontomyia sp. No. 1

4 39-46.7 1.0212 8.3 Odontomyia sp. No. 2

5 35 1.0012 8.5 Stratiomyia No. 1

8 33 1.0030 8.0 Odontomyia No. 4

10 43-47 1.0014 7.3 Odontomyia No. 5

10 43-47 1.0014 7.3 Stratiomyia No. 2

10 43-47 1.0014 7.3 Oxycera sp.

10 43-47 1.0014 7.3 Nemotelus sp.

11 30-40 1.0016 5.7-6.5 Stratiomyia No. 1

13 28 1 . 0021 6.7 Stratiomyia No. 1

18 49-50 1 . 0008 8.1 Odontomyia No. 3

20 38 1.0014 8.6 Odontomyia No. 4

22 38 1.0014 7.8 Odontomyia No. 2

22 38 1.0014 7.8 Odontomyia No. 4

Brub3, 1928.

to the fact that the general range of high temperature which may be

endured by insects is rather constant, 48 to 52°C. being the absolute

limit of authentic record. The organisms which live in environments

of unusually high temperature may have a slightly higher maximum

Fig. 24.—Bachmetjew's illustration of the effect of temperature upon protoplasm. (Bach-

metjew, 1901.)

effective temperature, and they must have a very precise reaction to

high temperature in order to avoid the conditions which would bring

about death.

The effects of low extremes of temperature have received more con-

sideration from investigators than have the effects of high extremes.
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Bachmetjew (1901) made rather extensive investigations and summarized

the early literature on the subject. His classical diagram (Fig. 24)

illustrates his conception of the action of low temperature. Temperature

is indicated on the vertical axis; and time, as involved in the lowering

of temperature, is indicated on the horizontal axis. The insect may
be cooled below the freezing point without being injured. The freezing

point may be past, and the insect may exist in an undercooled condition.

When it does freeze, the heat of crystallization will be equal to the

undercooling temperature, and the body temperature will rebound

to the freezing point. Cooling will again proceed; and when the insect

reaches the undercooling point the second time, death follows, according

to Bachmetjew's conception.
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The more recent contributions to our knowledge of the ability of

insects to endure low temperatures tend to indicate that not only tem-

perature but moisture is involved. The subject becomes highly tech-

nical, and for the most. part is of purely physiological interest. It

will be referred to here briefly, and taken up more fully under the heading

of Dormancy.

It may aid somewhat in understanding the effects of low temperature,

if we distinguish between the intensity factor and the capacity factor.

Some organisms are able to endure a temperature at which they become
dormant, but are not able to endure it for a long period of time. Others

are able to endure a low temperature for a short period of time, but

do not have the capacity to endure such low temperatures over a long

period. Some organisms die if they become dormant for a long period;

others are able to endure low temperatures so long as they do not freeze.

Freezing, however, is fatal to them. Still others are able to endure

freezing, and may continue in this state for a long period of time. It

would seem, in general, that the tropical insects, including those of

tropical origin, do not have the capacity for enduring dormancy. This

is true of Tribolium confusum, which will die in a few weeks at 7°C.
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Carter (1925) made a study of the effects of low temperature upon

the bean weevil in all the various stages of its development. The
general results are indicated in Fig. 25. This graph shows the correlation

between the temperature and the time involved in killing. Carter

concluded that none of the stages could endure temperature of more than

— 19° for longer than a few hours' time.

Payne (1926) got evidence that certain insects which are normally

exposed to extremes of temperature undergo a hardening during the

fall of the year, during which time their freezing points are depressed

and their ability to endure cold is increased. In the spring the reverse

of this process occurs. She also found that the highest per cent of

larvae killed in nature occurred in the spring, when cold spells were

experienced after the freezing point, and endurance of low temperature

had been altered. This seems to indicate that, while the endurance

of freezing may be a purely physiological question, it is of importance

in ecology, in that the per cent being killed in out-of-door conditions

depends upon whether or not they are able to endure freezing and just

what physiological condition obtains at the time that they are exposed

to low temperature.

Robinson (1928) has given a detailed account of the method of

determining freezing points. He has shown that the temperature taken

by piercing an insect with a thermocouple is not the true freezing-point

temperature of the insect. He devised a method whereby the external

temperature is taken, and the internal temperature is calculated from

a correlation chart. Figure 26 shows Robinson's thermojunction

and insect holder for taking the contact temperatures by the use of

the thermocouple and pyrovolter, or potentiometer. In Fig. 27 the

correlation is shown between the actual contact temperature as read

and the internal temperature of the insect. The correlation chart is

made by connecting the insect with an internal and external thermo-

couple junction. The insect is then placed in the constant-temperature

cabinet, and the internal and external temperatures read at a series of

constant low temperatures. After this chart has once been made up,

it is possible, in the study of the same species, to read the external tem-

perature and calculate the internal temperature from the chart.

Robinson (1927) found that the pupae of the promethea moth, which

are exposed to low temperature in nature, may be frozen and endure

dormancy in this frozen condition for months, since they are able to

endure a temperature of — 35°C. and survive.

A provisional generalization may therefore be made, that tropical

insects which are not normally exposed to extremely low temperatures

are unable to endure dormancy. In general, insects of temperate

regions, which hibernate in exposed conditions, are able to endure

freezing and survive; and such other insects as migrate into the soil, or
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in other ways provide themselves with protection against freezing

temperatures, are able to endure dormancy, but are unable to endure

freezing. The subject of Dormancy will be found in a discussion under

that heading.

Effects of Temperature on the Morphology of Animals.—The effect

of temperature as an environmental factor upon the morphology, the

structure, and the color of organisms is, in part, a purely physiological

consideration; but it is also of ecological importance, in that the resulting

organism may be considered as characteristic of a definite environmental

condition. In general, the information which we have of the effects

of temperature upon the morphology of organisms may be placed in two

classes : one, the information which has come from systematists, who have

observed that the representatives of a species which come from one

extreme of the range of the species differ morphologically from those

which come from the other extreme of the range. If the extremes

involved are the Tropics and the Arctics, it is usually assumed that the

differences are due to the effect of temperature. Bachmetjew (1907)

cites many instances which undoubtedly belong to this class of informa-

tion. No doubt many of these conclusions are well founded, but it is

difficult to evaluate them in the absence of direct observations. In

the second class of information we have that which comes to us from

direct observations made under more or less controlled conditions.

It is possible to subdivide this information into that in which the corre-

lation of temperature with the morphological change seems apparent

although there is no explanation of the mechanism involved, and that

in which the effect of temperature has been studied and a mechanism

found which seems to account for the morphological changes.

Literature contains a great deal of information with regard to the

effects of temperature ; these records may fall into any of the three classes

just described. It is not the present purpose to tabulate all these

cases and to classify them, nor is it the purpose of this volume to discuss

in detail the subject of "Entwicklungsmechanik." A few of the appar-

ently authentic cases will be described with the hope that it will lead

to a better understanding of the action of temperature upon form and

structure, and that it may also stimulate further investigation in this very

interesting field.

The Effect on Form and Structure.—The effect of temperature

upon the form and structure of an organism may arise from a differential

effect of temperature upon the several contemporaneous processes which

are going on during the development of the organism, resulting in a

greater acceleration of some processes and an inhibition of certain other

processes.

Hegner (1919) reports that the spines of the protozoan Arcella

are longer when developed at high temperature than at low temperature.
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There may even be some ecological significance in this condition, for

the viscosity of water and consequently its buoying effect in supporting

such a protozoan is reduced at high temperature, but the increase in the

surface of the organism from a longer spine will result in a greater ability

of the organism to float. However, the particular point of interest

here is Hegner's statement that the spines are longer when the organisms

are developed at high temperature than when they are developed at lew

temperature.

Another case is reported by Roberts (1918), who states that a differ-

ence of 4 or 5°C. gave longer wings in the mutant form of Drosophila,

which is called vestigial, than did 29 generations of selective mating.

This mutant race of Drosophila has small wings. The length of the

wings varies, but they are always small. The variation of these short

wings is effected by temperature, and the difference of temperature

of 4 or 5°, as just stated, gives longer wings than 29 generations of

selective mating.

Gerould (1924) reports that he was able to reduce the size of the

wing of Colias by rearing it at low temperature. This seems to be

consistent with the other literature which has just been cited.

If we are to turn our attention to some of the older experiments,

we shall find a long series of papers by Standfuss, Merrifield, and others

on the effect of temperature upon various lepidoptera. Bachmetjew

(1907) summarized these results in which various stages of Vanessa

uritica were subjected to various temperatures. The adults resulting

from exposures to low temperature were like the small variety polaris

of Lapland; while those which developed at high temperatures gave

rise to large adults similar to the variety ichmuse of Sardinia. This

is not cited as an example of the inheritance of an acquired character;

it is simply cited as an example of an organism which is so affected by
low temperature that it appears like the individuals which live in the

northern regions, or when subjected to a high temperature the resulting

adults appear like those of the southern range of the species. The
northern ones are small, which is consistent with the results of Gerould

(1924), and they are darker in color than the southern ones.

Kuhn (1926) found that there were four fundamental pattern systems

which behaved more or less independently in Vanessa, and were effected

by subjecting the pupae to low temperature. The period of maximum
sensitivity for the hind wing was 12 to 36 hours after pupation; and for

the fore wing, 24 to 36 hours after pupation.

There are many other cases which may logically belong under the

effect of temperature on the mechanism of heredity though it seems

probable that it is difficult to make a distinction between the effect

of temperature upon the mechanism of heredity and the effect of tem-

perature upon the processes of development, as we normally think of
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them in ontogeny. Possibly the fundamental nature of the effect is

much the same regardless of whether it takes place during the process

of chromosome arrangement, or later when cells are proliferating.

For the sake of convenience, the cases which seem to be concerned with

the mechanism of heredity as such will be considered under that heading.

Effect on Color.—What has been said with regard to the effect of

temperature upon morphology in general might be repeated with regard

to the effect of temperature upon color, in that the literature on this

subject is very voluminous and much of it consists of superficial corre-

lations of temperature and color. There are, however, certain pieces

of careful experimental work which seem to indicate very definitely

not only that color is affected by temperature, but that there is a mech-
anism which is affected by temperature and which determines the color.

It will be quite impossible to attempt to evaluate all the various evidence

which has been published as to the effect of temperature upon color. A
few examples will be selected in the hope that they may show rather

definitely how temperature may act in this way.

Knight (1924) investigated the color pattern of Perillus bioculatus,

which had been observed under field conditions to be black and white

during hot dry periods, and red and black during cooler periods of

the year. In this case the white tended to be replaced by yellow and

red; and the black portions of the pattern, to be more extensive at

the low temperature. Under experimental conditions, nymphs were

reared through to the adult stage at high temperatures, and gave the

white-marked adults. When nymphs were reared through at low temper-

atures, the patterns were dark. When adults of a light color pattern

were placed at a low temperature, they began to show the yellow and

red coloration. An investigation of this pigment has shown that in

this case it is carotin, and that the blood of the potato beetle larva,

on which Perillus feeds, is saturated with this pigment. The potato

beetle gets the pigment from the potato plant, which probably synthe-

sizes it. Perillus then obtains this pigment in its food. When metab-

olism is going on rapidly at high temperatures, the pigment is oxidized.

At low temperatures the oxidation is less rapid; and some, at least, of

the pigment is deposited in the hypodermis of the insect and thus appears

in its patterns, giving a light-yellow to a dark-red color, depending upon

how much has been deposited. When this pigment is deposited in the

hypodermis of the body wall of adult bugs, it is permanently placed and

is not oxidized later even at high temperatures. Knight concludes:

In the case of Perillus then, it appears that the physiological activity of the

insect which is modified by the temperature is oxidation, influenced by the

physical activity of the insect, and that this is the fundamental explanation

of the pigment variations.
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The black color of Perillus is also influenced by temperature, being

more abundant at the lower temperature. Knight concluded that this

was melanin, as was found by Gortner in 1911, and that it was deposited

in the cuticula.

Toumanoff (1926) studied the effect of temperature and darkness

on the melanism of Dixippus morosus, and found melanism developed

at high temperature and inhibited at low temperature. Toumanoff

concluded that the lack of melanism at low temperature might be due to

several things: a diminution of the absorption of oxygen necessary for

the reaction at the low temperature; or perhaps a general effect upon

metabolism which failed to produce the necessary polypeptid and

tyrosin, which constitute the chromogen ; or the fact that the low tempera-

ture affects the action of oxidase and tyrosinase, which are involved in

the development of the melanin.

Gerould (1924) states that he has found that the amount of melanin

in the markings of the butterfly, Colias, varies inversely with the tempera-

ture. He does not seem to distinguish between the formation of the

pigment and its deposition. He states that any factor which will

interfere with the reaction of tyrosin, tyrosinase, and oxygen will interfere

with the formation of the pigment melanin. From this statement it

seems difficult to understand how low temperature would increase the

amount of melanin formed and thereby give darker color at lower

temperature, as Gerould states that it does.

Schlottke (1926) found that the pigment which develops at the

points of attachment of the muscles in the parasitic wasp, Habrobracon,

bears a linear relationship to temperature. There is less pigment at

high temperature than at low temperature. When they are reared at

first at low temperature and then raised to high temperature, they become
lighter than those which are reared constantly at high temperature.

The Effect of Temperature on the Mechanism of Heredity.—Envi-

ronment and heredity have been looked upon as two opposing forces

in nature, ever since the stability of the species was demonstrated.

When some of the first laws of heredity were definitely outlined and

the evidence in their support was being amassed, it was the opinion

of many biologists that the characteristics of organisms were determined

by heredity and that environment was in no way able to influence them.

We now have a much better conception of these two factors in determin-

ing the structure of an organism. Weinstein's statement has already

been quoted; to the effect that it is no more possible to state that the

characteristics of an organism are more dependent upon heredity than

environment, than it is to state that the area of a rectangle is more
dependent upon its altitude than its base.

We are now in a position to consider the effect of temperature upon
the mechanism of heredity in much the same way that we would consider
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its effect upon any other physical or biotic phenomenon. It may be

possible to differentiate between (a) the effects of temperature upon
the position of genes and the behavior of the chromosomes, and (6) the

effect upon the processes of development which go on after the cells

have been fertilized and have started their development, in differentiating

the various organs of the animal. We may again turn to the monumental
work of Bachmetjew in summing up the early literature on temperature

and heredity. It is to be noticed that the " object" of much of the

early work was to produce new species through the effect of temperature.

The interest here will be in trying to find a correct interpretation of the

effect of temperature upon the mechanism of heredity and thereby

upon the organisms which live under various environmental conditions.

Seiler (1920) reported that extreme heat caused the sex chromosomes
of Taleoporia tubulosa to remain in the egg at the time of reduction

division, thus increasing the number of potential females.

Mann (1924) made a study of the stability of genes, and used high

temperature in a series of experiments. It was found that the percentage

of males was increased at high temperature, such as 31.5°C; but that

the percentage was decreased when the progeny were again returned

to a temperature of 25°C. There is no implication in this case that

the effect produced would be operative beyond the individuals which

were developed from the germ cells which had been exposed to this high

temperature.

Plough (1917) studied the effect of temperature on the phenomenon
of crossing over in Drosophila. It does not seem difficult to conceive

of a possible effect of temperature upon such a phenomenon as crossing

over, for the chromosomes must obey the physical laws which have to do

with their movement during the various processes involved in maturation

division. It seems logical that certain environmental factors might

affect the rate and extent of the movement of the chromosomes during

mitosis; and temperature is certainly a factor which might do this

through viscosity, surface tension, and various other physical phenomena.

Plough found that the extent of crossing over was increased at high and

at low temperature, and that a minimum amount of crossing over took

place during a range of temperature between about 20 and 27°. The

general results of his investigation are shown in Fig. 28. This is a case

in which hereditary characters might appear to be greatly affected by

the environmental conditions having to do with different temperatures.

It has recently been found that mutations, which presumably occur

in nature as rare but normal accidents, may occur more frequently under

certain temperature conditions. Geneticists seem inclined to look upon

mutation as the most important phenomenon in nature concerned with

the change in the genetic constitution of an organism. If this proposition

is accepted and the work which has been referred to is substantiated.
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we then have an example of temperature affecting the hereditary con-

stitution of an organism in a most profound way.

Hersh (1924b) observed
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Fig. 28.—The effect of temperature on crossing

over in Drosophila. (Plough, 1917.)

the effect of temperature

upon the dominance of one

character over another.

In some cases dominance

seemed to be influenced by

temperature, while in other

cases it was not influenced

at all. In a heterozygous

stock of Drosophila with

various eye characteristics,

27°C. seemed to be a critical

temperature for change in

dominance. Zeleny and his

students have made a thorough study of the eye of Drosophila as affected

by heredity and certain environmental conditions.

Krafka (1920) investigated

the effect of temperature on

certain "mutants" of Drosophila

which have a small number of

facets in the eye and are termed

" bar-eye." He also had an-

other strain known as ultra bar-

eye. He found a linear

relationship between the num-

ber of eye facets and the tem-

perature under which the flies

were reared, the mean facet

numbers varying from about

28 at 31°C. to 189 at 15°C.

In the ultra bar stock the same

linear relationship obtained

;

but the numbers were lower,

being about 14.57 for the mean

facet number at 31°C, and
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Fig. 29.'—Temperature effect on the facet num-
ber in low selected bar stock of Drosophila,

Upper curve for males, lower curve for females. 51.51 at 15°C. (See FigS. 29
(Krafka, 1920.) and 3Q for ^ distribution f

facet numbers.) When these results are compared with those of Hersh

(1924), an interesting comparison may be made between the normal

full-eyed Drosophila, the mutant bar-eye, and ultra bar-eye. In the

normal full-eyed Drosophila, Hersh found that there was nearly a straight-

line relationship between temperature and number of facets. Above
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27°C. the change in facet number was much less, and the result deviated

from the straight line (see Fig. 31.)

The normal full-eyed Drosophila

varies from between 900 and 1,000

facets at 15°C. to about 700 at 27°C.

The largest number of facets which

may be produced in the so-called

" mutant" bar-eye at low temper-

ature is much less than the lowest

number produced in the full-eyed

Drosophila at high temperature. In

comparing the bar-eye and the ultra

bar-eye, however, it is found that

there is an overlapping in the mean
facet numbers, for as many as 51.51

may be produced at 15° in the ultra

bar-eye, and as few as 28.85 at 31°

in the bar-eye. The result is that

we have two genetically distinct

strains which can be made alike, as

to the mean facet number, by rearing

one at a low temperature and the

other at a high temperature . Under

the conditions of nature, these two

strains might well be confused on

the basis of mean facet number.

50

40

E

530
o
o

10

10

n
15 3010 25

Temperature, Decj.

Fig. 30.—Temperature effect on the

mean facet number in the ultra-bar stock of

Drosophila. Upper curve for males, lower

curve for females. (Krafka, 1920.)

There would, however, be no possibility of confusing the mutant with the

1000

Fig. 31.- Mean facet values in full-eyed Drosophila plotted in terms of temperature.

(Hersh, 1924.)

normal full-eyed Drosophila; for the fewest facets that can be produced

by high temperature in the normal full-eyed Drosophila is far greater than

the highest number in the bar-eyed Drosophila.
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Krafka believes that the linear nature of the relationship between

the eye-facet number and the temperature indicates that it is a result

of a differential effect of temperature on the processes concerned with

the development of the eye facets as compared with the rest of the

individual. He also found that the effect of temperature in determining

the number of eye facets is operative during a rather restricted period.

At 27°C. this period is said to occur between the end of the third and the

end of the fourth day, and to have a duration of about 18 hours. At

15°C. this period is at the end of the eighth day following a first day at

27°C. In this case the period is 72 hours long. Krafka examined a

number of hypotheses, in the light of the data at hand, without being

able to demonstrate definitely what the nature of the process which causes

the change in facet number might be. It seems certain that this is

of the nature of the effect of temperature on development rather than of

the mechanism of heredity.

Zeleny (1928) reports that this culture of Drosophila has been con-

tinued over a long period of time without any definite effects upon the

inheritance of the character.

There are other examples of the effect of temperature upon the size

and length of the wings of Drosophila (Nadler, 1927), and of other factors

on other species, which show that temperature may affect the mechanism

of development in such a way as to give rise to individuals having a

definite correlation between the temperature and the characters

developed.

Effect of Temperature on the Behavior of Animals.—Changes in

temperature constitute stimuli to which animals react, as in the case of

other physical factors of the environment, to choose an optimum con-

dition. This reaction is well known in the case of temperature, and will

not be considered further except as an illustration of the effect of tem-

perature upon reactions of poikilothermic animals.

The mechanisms by which poikilothermic animals react to unfavorable

temperatures are themselves affected by the temperatures. Con-

sequently, when such an animal encounters an unfavorably low tempera-

ture, its movements will be slowed and its reaction in avoiding this low

temperature will be retarded. If the temperature is very low, the animal

may become torpid before the reaction is complete. In the case of an

unfavorably high temperature, the movements will be very rapid and the

avoiding reaction accelerated, unless the temperature is so extreme that

it produces a depressing effect.

The universal effect of temperature upon biotic processes extends

to the effect of temperature upon the reactions of animals to all sorts of

stimuli. It is necessary to interpret the reaction of animals to any
stimulus in terms of the temperature under which the reaction is brought

about. Consequently, certain animals may be positive to one stimulus
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at one temperature and negative to the same stimulus at a different

temperature. The change of certain animals in their reactions to light

is a classical example of this temperature effect. Many animals are

negative to light at low temperature, and positive at high temperature.

This effect of temperature is undoubtedly an important factor in control-

ling the complex system of stimuli and reactions which govern the diurnal

activity of animals.

An interesting example of the reaction of an insect to the diurnal

changes of temperature is furnished by a leaf-mining beetle, Taphrocerus

gracilis, belonging to the family Buprestidae (Chapman, 1923). In the

field it was observed that at high temperatures the adult beetles were

positive to light and reacted by flying when stimulated mechanically.

At low temperatures they were negative to light and contracted their

appendages and permitted themselves to fall when stimulated mechani-

cally. Inasmuch as the beetles retired to the axils of the leaves at low

temperatures, their falling at this time merely resulted in their coming

to rest in crevices in the axils of the leaves. Such a reaction at high

temperature while they were feeding near the ends of the leaves would

result in their falling into the water in which their host plant grows. At

high temperature they are positive to light and react to mechanical

stimuli by flying. Consequently, when feeding on the tips of the leaves

they fly when mechanically stimulated, and do not fall into the water.

Observations on these beetles during the diurnal cycle of their activity

indicated that the change of temperature had a profound influence upon

all of their activities. Under controlled laboratory conditions they could

be brought out of their retirement into the light by raising the tempera-

ture, and returned to their hiding places by lowering the temperature.

It is known that the time of flight, feeding reaction, oviposition, and

many other functions are controlled by the temperature in the diurnal

cycle.

Effects of Temperature on the Geographic Range of Animals.—This

subject is referred to in this place merely for the purpose of completeness

of the discussion on temperature. It will later be referred to under the

subject of the distribution of animals as correlated with climatic influences.

The obviousness of the effect of temperature upon the geographic range

of animals called early attention to this subject. Many investigators

attempted to mark out zones of animal distribution on the basis of tem-

perature alone, neglecting all other factors.

Merriam (1894) based his "life zones" .on his so-called "laws of

temperature control." He stated: "Animals are restricted in their

northern distribution by the total quantity of heat during the season of

their growth and reproduction," and "Animals are restricted in their

southern range by the mean temperature of a brief period during the

hottest part of the year."
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These statements imply that animals may live as far north as the

season will permit sufficient units of time and temperature for the com-

pletion of the cycle. It neglects the fact that animals are often limited

in their northern distribution by the extremes of temperature during the

winter. Most of this work has been based upon a summation of time

and time temperature above some assumed minimum effective degree of

temperature. The zones of Merriam were thus based upon a summation

of temperature. Merriam states that the temperature sums which he

gives as characteristic of the various zones were obtained by summing
the temperatures above 43°F. from spring to fall and that the conversion

from centigrade to Fahrenheit was made. Such procedure does not give

his results. He summed the total number of degrees Fahrenheit for

each day from spring to fall, starting with the first day above 43°F. The
conversion was made from Fahrenheit to centigrade, but no account was

taken of the fact that "0" in the Fahrenheit scale is 32°F. lower than on

the centigrade scale. Consequently, all of his values given in degrees

centigrade are incorrect.

Bodenheimer (1927) made a study of two weevils, Sitophilus oryza

and Sitophilus granaria. He calculated the constant for time and tem-

perature for S. oryza as 358.8, and for S. granaria as 523. It does not

follow, however, that oryza is to be found in the North, and granaria

in the South. It is just the opposite, even though oryza requires the

lower number and granaria the higher number of day degrees. The
curves of development when plotted as time and degrees cross near the

middle, so that oryza develops relatively more rapidly at high tempera-

tures, and granaria more rapidly at low temperatures. Consequently,

Sitophilus granaria is the northern species; and Sitophilus oryza, the

southern species. This is in conformity with the actual conditions; but it

could not be deduced on the basis of the sum of time and time temperature

required for the completion of the life cycle.
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CHAPTER IV

MOISTURE AS AN ECOLOGICAL FACTOR

Introduction.—There is no other substance which contributes so

largely to the structure of organisms as water does. It is the general

presumption that life was originally aquatic, and it is true that organisms

have never entirely freed themselves from an environment which must
contain a certain amount of water. One of the fundamental necessities

for all organisms is to maintain a certain balance between the moisture

in their bodies and the moisture in the surrounding environment. The
amount of moisture contained in the bodies of various species of organisms

varies greatly. Some of the aquatic organisms have only a fraction of 1

per cent of substances in addition to the water of their bodies. Amphibi-

ous organisms are able to endure the greatest fluctuations in the moisture

content of their bodies. Xerophytic animals may be adjusted to very

low moisture content, but in general in such cases the variation in the

moisture content cannot be great. In terrestrial environments the varia-

tion of moisture in geographic range is very marked and is one of the

outstanding factors in controlling animal distribution. The distribution

of moisture in the annual' cycle is usually very marked, and serves as an

easy method of distinguishing between the various types of environment.

Characteristics of Moisture as an Ecological Factor.—Moisture as

an ecological factor differs from the two which we have just considered,

in that light and heat were forms of energy which are made use of by
animals, but moisture is a medium in which all organisms live. It may
be so concentrated as to constitute an aquatic environment, or be so

dilute as to be characterized as an arid desert; but it must, nevertheless,

be present as an essential part of the environmental medium. All food

which the organisms take into their bodies must contain at least a mini-

mum amount of water present as such, or potentially present in the

compounds which are to be broken down by the animal's metabolism.

Moisture may be present as a solid, liquid, or vapor. But organisms

are concerned with it chiefly as liquid and vapor. The ever-recurring

cycle from liquid to vapor and from vapor to liquid is of fundamental

importance, whether considered in its largest sense as a balance between

the water and water vapor of the entire earth; as precipitation and

evaporation over given areas; as the great series of cycles within cycles

which involve the metabolism of organisms and the maintenance of a

balance between the intake and loss of water; or even down to the indi-

vidual cells of the organisms. In all of these exchanges, an equilibrium

84
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between the two phases of liquid and vapor must be maintained. For

the environment, the ratio between precipitation and evaporation is

important. For the individual organism, the ratio between moisture

intake and moisture loss is of great importance. The problems involved

in these cycles extend from those of purely physiological interest, involv-

ing the water films on colloidal particles within the cells, to the action of

water as an agent in erosion as concerned with problems of geology and

physiography. In this great range there is much of direct concern to

the ecologisto

Methods of Measuring Moisture.—When attention is turned to the

measurement of moisture as an ecological factor, it must first of all be

realized that there are several phases of this factor which may be meas-

ured. We may distinguish first of all between the measurement of the

state of moisture which may include the moisture content of the medium,

whether it is air in which it is expressed as humidity, or whether it is a

solid medium, such as soil; or a nutrient medium, in which it may be

measured and expressed as per cent of weight or volume. The alternative

is to measure the rate of change from one phase to another, in which case

we may measure precipitation and evaporation. All of these measure-

ments are important, and the ones which are to be taken depend very

largely upon the type of problem in which the ecologist happens to be

interested. For convenience we shall take up first the measurement of

the state of moisture, and later the measurement of the change in phase

of moisture.

The state of moisture in the air is usually expressed in relative humid-

ity, in whatever way the reading may be made. The relative humidity

is the amount of moisture present in a space as compared with the

amount required to produce a condition of saturation at the same tem-

perature and atmospheric pressure. It is expressed as per cent of

saturation, and is an important expression because it represents the

state of equilibrium of the atmosphere in the moisture cycle . The abso=

lute humidity is the amount of moisture by weight in a given volume of

space. In the English system this is expressed as the number of grains

of moisture per cubic foot. Or it may also be expressed as grams per

cubic meter. The expression of absolute moisture is very definite; but

its determination is difficult, and it does not take into consideration

conditions under which the moisture is present in the space. Conse-

quently, relative humidity is much more significant than absolute

humidity.

Marvin (1915) gives a good description of the method of determining

the relative humidity of the air. Bongards (1926) gives a thorough

discussion of the theory of gases and vapors as well as the methods and

instruments involved in measuring and recording humidity. Carrier

(1911) and Shelford (1929) may also be consulted.
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The relative humidity of a space may be determined: (1) by ascertain-

ing the dew point, (2) by the wet-bulb depression on a wet-and-dry bulb

thermometer, (3) by some type of hygrometer which may involve chem-
ical solutions or the hygroscopic coefficient of some material which is

commonly hair. The psychrometer, which involves the principle of the

wet-and-dry bulb thermometer, is the most common instrument used.

The United States Weather Bureau uses a sling psychrometer, which

consists of two standardized thermometers mounted side by side, one

with the bulb projecting below that of the other. This bulb is covered

by a wick, which may consist of silk or muslin. The wick is moistened

with distilled water, and the psychrometer is then whirled through the

air to give a uniform rate of air movement over the wet bulb. This is

essential to produce evaporation at a given rate. The psychrometer is

whirled through the air and read at intervals to determine the lowest

point of the wet bulb. When this is past, the temperature of the wet bulb

begins to rise, and the operator knows that he has obtained the lowest

depression. The difference between the wet and the dry bulbs is then

read and referred to a table which has been prepared by the Weather

Bureau on the basis of a series of experiments under various conditions

of humidity and pressure. Several types of tables and graphs are now
available. They usually involve the readings of the dry bulbs and the

depression of the wet bulbs, and from these the relative humidity may be

taken.

Such a psychrometer is not convenient to use in a small space. There-

fore, various types of cog psychrometers have been made. These consist

essentially of mounting two thermometers in either an egg-beater or a

cream-whip mechanism, so that they are whirled through a small circle

by a mechanical means. Gray (1929) has described a convenient form

of cog psychrometer (Fig. 32).

The dew-point determination is probably the most dependable for

use in small spaces. Marvin (1915) and Shelford (1929) described

mechanisms for making this determination. A small silver tube can be

mounted in a test-tube clamp and filled with ether. A thermometer is

then mounted in the ether, and air is aspirated through to lower the

temperature by evaporation. It is necessary to observe very carefully

and to lower the temperature on a very slow gradient in order to note the

first appearance of moisture deposited on the surface of the silver tube.

The temperature then must be read accurately. The relative humidity

may be determined from tables which may be found in Marvin (1915),

" International Critical Tables," Vol. I, and various other books of

physical and chemical constants. It is necessary to read the dry-bulb

temperature at the same time that the dew-point temperature is read.

Holtzmann (1924) devised a simple mechanism for determining the

dew point in small spaces. It consists essentially of a silvered rod of
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metal of low heat conduction which is so maintained that one end can

be warmed by a resistance coil, and the other end may be cooled by an

evaporation mechanism. The instrument is mounted in such a way
that it is possible to observe the metal rod, which has a line drawn around

it near the middle; and in this line a thermocouple is mounted. The
one end of the rod is cooled, and the point at the edge of the moisture

which is being deposited moves slowly along toward the warmer end.

Precisely as this mist reaches the line, the temperature is read by means

Fig. 32.—Cog psychrometer. The steps in making a readily available cream whipper
into a psychrometer. 1. The cream whipper. 2. Thermometers and rubber disks ready
to assemble. 3. Model completed and ready for operation. {Gray, 1929.)

of the thermocouple. The opposite end of the rod is then warmed and
the area of mist is driven back toward the cool end. As this reaches the

line the second time, the thermocouple is read again. The mean of the

two readings gives a very accurate dew point. A mechanism of this

type is useful in small breeding cages.

The hygrometer principle may also be made use of in small spaces.

Commercial hygrometers usually consist of human hairs, the expansion and
contraction of which is governed by their hygroscopic coefficient. By
consulting the " International Critical Tables" Vol. I, one will receive

many suggestions as to materials which might possibly be used in hygrom-
eters. The expansion and contraction of many of these materials show
an almost straight-line relationship as compared with the temperature
and the relative humidity of the air. In the chemical hygrometers,
sulphuric acid is the solution most commonly used, $helford (1929) gives

certain details of this method.
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The moisture content of a medium other than air, such as food, soil,

or wood, is usually stated in per cent of the total weight or per cent of

dry weight, and is generally determined by evaporating a material to

dryness. This may be done at a temperature of 105°C, and evaporation

is usually continued until the curve of loss of weight flattens out.

The per cent of moisture present does not necessarily give a significant

indication of the state of moisture in a solid or semi-solid medium. In

the case of soil, a measure of the availability of moisture for plants may
be more significant than the actual content. The wilting coefficient of

a plant is a biotic measure of the available water. The wilting coefficient

of a soil is the moisture content of the soil, expressed in percentage of

dry weight at the time when the leaves of a plant growing in that soil

first undergo a permanent reduction in moisture content as a result of a

deficiency in the soil-moisture supply. This wilting coefficient is nearly

constant for any species.

A physical measure of the available moisture is expressed as the

moisture equivalent, which is the per cent of moisture that a soil can

retain in opposition to a centrifugal force equal to 1,000 times that of

gravity. This is a convenient measure, since it has been shown to bear

a straight-line relationship to the wilting coefficient.

Another physical measure is the hygroscopic coefficient. This is

the moisture content of a soil when in equilibrium with a saturated air

at 20°C. These measures all reflect the fact that water may be present

in a medium as free water, capillary water, adsorbed on the surface of

colloids, or combined in the various compounds. The significance of

these physical states will be discussed in the chapters on Synecology.

Wilson (1921) also describes a method for determining the moisture

equilibrium of a material by exposing it to a known vapor tension over a

solution of sulphuric acid.

Zeleny (1909) devised a method of measuring the content of a material

by the resistance offered by the material to the passage of an electric

current. Robinson (1926) has modified this method to make it applicable

to the determination of the free water in an insect and in certain other

materials. The method is a delicate one and requires a considerable

amount of apparatus for accurately determining the resistance to an

electric current of about one volt with 1,000,000 ohms resistance. The

more accurate determination of the amount of moisture present in a

medium, which may be solid or liquid, is based upon the freezing-point

depression. The literature of Robinson (1926), Bouyoucos (1921), and

others is referred to for the technique for this method of determining

moisture content.

The change in state of the moisture is ordinarily measured in pre-

cipitation and evaporation. Precipitation is measured very simply by

the use of cylinders, as described by Marvin (1903). These normally
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stand vertically, and either may be straight cylinders, or at some point

below the top may be narrowed down in diameter by a funnel in order to

increase the depth of water. The ratio of increase of depth to the narrow-

ing of the cylinder being known, it is possible to make a more accurate

measurement of a small amount of precipitation. These normally are

measured for 24-hour periods.

The evaporation which represents the change of water from liquid to

vapor is one of the most important measurements of the moisture cycle,

for all organisms are exposed to a certain amount of evaporation. The

rate of evaporation may be a measure of the temperature, vapor tension

of the surrounding medium, the rate of air movement, and the barometric

pressure. The following table from Shelford (1914) illustrates the

influence of various factors on rate of evaporation.

Table VI.—A Comparison of the Rate of Flow and Evaporating Power of the

Air When Temperature and Humidity Are Approximately Constant 1

Approximate

velocity, meters

per second

Approximate

evaporation,

c.c. per hour

T.°C.
R. H.

per cent

Increase

in flow

Increase in

evaporation

0.012 0.25 22.4 50 1 1.0

0.026 0.40 22.2 53 2 1.6

0.052 0.75 22.2 53 4 3.0

0.104 1.50 22.2 53 8 6.0

0.208 2.00 22.2 54 16 8.0

0.416 2.60 22.2 53 32 10.4

Shelford, 1914.

Evaporation may be read as the evaporation from a free surface of

water of known area, or from a mechanism known as an evaporimeter.

Evaporation from a free surface has a number of limitations, as accidents

may happen to it in the field to affect the water level, and it is also difficult

to measure accurately a water level and to maintain it in such a way that

the rate of evaporation is not affected by the change in level. The most

commonly accepted type of evaporimeter is the Livingston porous-cup

atmometer (Livingston, 1908 and 1915). They are made as cones and as

spheres. The spheres are the later type,which have uniform exposure

to the sun's radiation; but unfortunately readings from spheres cannot be

transformed into readings from cones. These atmometers are furnished

standardized or unstandardized. The standardized ones are very

desirable. They may be returned to the manufacturers and re-standard-

ized at various periods. These are ordinarily mounted, so that it is

possible to read the amount of water which has been evaporated directly

from the jar containing the water.

Figure 33 shows the type which has been used in this laboratory at

the University of- Minnesota for reading evaporations over short periods
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Fig. 33.—Graham's atmometer
mounting for short-time readings
of evaporation.

of time. There is simply a double connection to the atmometer, one

connection leading only to a U-tube, which is graduated in one-hun-

dredths of a cubic centimeter. The other connection, which leads directly

to the water reservoir, is provided with

a cock, which makes it possible to shut

off the source of water. To make a read-

ing, the water is drawn up into the U-tube

by suction, and the direct connection to

the reservoir then closed off. The
evaporation from the atmometer then

proceeds directly from the calibrated U
tube. When moved to a new atmosphere,

such an atmometer must be permitted

time to come into equilibrium. There-

after accurate readings over a few min-

utes may be made with the aid of a stop

watch.

There are certain restrictions in the use

of the Livingston atmometer. It can not

be used below freezing temperature; and,

if exposed to rain, some valve must be introduced to prevent water

from backing up into the reservoir.

Various mechanisms are described in the literature for checking the

effect of rain. Nearly all of them have a slight coefficient, in that all

mercury valves permit a slight displacement of the mercury when the

suction on the atmometer is relieved by the rain. Graham devised a very

simple method which has a small correction coefficient. It consists

of a small bulb blown in one side of the J-shaped tube, which provides

the water to the atmometer from the reservoir. A small drop of mercury

is introduced into the tube; and, when the atmometer is drawing water,

this mercury is lodged in the small bulb. When there is a back pressure

due to rain, the mercury runs out into the J-tube and prevents water

from returning to the reservoir.

Reinhard has devised an ingenious mounting, the description of which

has not been published. It is shown in Fig. 34. In this case, the

atmometer is mounted on a level with the water reservoir. The suction of

the atmometer and the pressure of the water reservoir may be balanced

by raising or lowering the air-supply tube. This atmometer has been

operated under a water tap without any back pressure into the water

reservoir. It must necessarily have a very rigid construction in order

to prevent leakage at the joints.

Bates (1919) devised an evaporimeter constructed on much the same

principle as that of a plant leaf. This was done because he felt that air
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Airsupplyfube_

Water level

movement was too much of a factor in the rate of evaporation from a

Livingston atmometer. Bates' evaporimeter consists of a horizontal

disc mounted on a tube, through which a round wick leads up to a flat

wick in the space between the upper and lower surfaces of the disc. The
water is led up the round wick from the reservoir to the flat wick, from

which it evaporates into the space in the disc. The aqueous vapor is

diffused through holes in the lower surface of the disc much as it diffuses

through the stomata of leaves.

The upper surface of the disc is

polished to reflect the sun's rays

and thus prevent insolation from

becoming too strong an influence.

The Bates evaporimeter is said to

be capable of withstanding freez-

ing, which is not the case with

other evaporimeters. However, it

has one disadvantage. It is a diffi-

cult matter to standardize it, and

to compare its readings with those

of other instruments.

Methods of Recording Moisture

Conditions.—Methods of recording

moisture conditions are, in general,

methods of recording the measure-

ments of the state of moisture or

the change of phase of moisture.

The most usual method of record-

ing the state of moisture is by use of

a recording hygrometer. This

usually consists of a human-hair

hygrometer with a lever which

writes a record on a revolving

drum. These instruments are used

in the U. S. Weather Bureau, and
are supplied by Julian Friez. They are, in general, fairly satisfactory,

but must be standardized against a sling psychrometer. It is important

in making the standardization to make sure that the instruments are

equally well standardized at the two extremes of relative humidity.

There are also several forms of wet-and-dry bulb recording thermom-
eters on the market. These are very satisfactory, but it is very

necessary to see that the wick covering the wet bulb is always clean

and properly moistened. The principle of the recording resistance

thermometer may also be used in connection with recording humidity

by supplying one of two resistance thermometer bulbs with a wick,

I

«{((

Fig. 34.—Reinhard's rainproof atmometer
mounting.
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atend

and exposing them to the movement of air, as must be done in all

psychrometric methods.

Recording the change of state of moisture may also be done by various

devices. It is possible to connect a float with the rain gage and write

the record on a recording drum by means of a pen and lever, which must

of course be protected from the rain.

For recording evaporation, several ingenious devices have recently

been described. Chalkley and Livingston (1929) have devised a method

of recording the rate of evaporation through a float on mercury in a U
tube, which represents the capillary pull of the atmometer against a

restricted water supply. Figure

/ 35 shows- this instrument. It

has the difficulty of being com-

plicated and requiring a number
of tight joints. In the field work

of the University of Minnesota,

it has been found practical to use

the special mounting of atmom-
eter already described in Fig.

33 by making readings with a

stop watch over 15-minute peri-

ods at various times during the
Fig. 35.—Diagram of the rate-recording day. These seem to represent

atmometer: a, porous, porcelain sphere; b, main
reservoir; c, water-supply tube; d, resistance Very well the rates of evaporation
member; e, mercury manometer; /, cork float; uncJer different Conditions of the
g 9

penlever; h, clock-driven drum for record sheet; ,

i, auxiliary reservoir; j, float for water-level day.
control, k, air supply tube to main reservoir; I, Methodsof Maintaining Con-
filling tube. (Chalkley and Livingston, 1929.)

stant Moisture Conditions.—The
control of humidity for experimental purposes involves humidification and

dehumidification. Various simple devices may be used for humidifying

the air. It is possible to maintain a small experimental chamber rela-

tively constant by having a constant water surface exposed to the air

where the temperature conditions are relatively constant. Dehumidify-

ing, however, is much more difficult, and it is very necessary in experi-

mental work. Experience has shown that, in general, it is better to

employ standard apparatus for this important type of experimental

work.

There are, in general, two methods of maintaining constant humidity.

One is by the use of the dew point of the air, in which case the point of

saturation of the air is controlled, and the ratio between this dew point

and the ultimate temperature of the air controls the relative humidity.

The second method is the use of solutions of various vapor tensions which

are calculated to maintain air in equilibrium with them at the proper

relative humidity.
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The principle which is used in the Carrier air-conditioning cabinet

is very satisfactory in experimental work. The air is circulated continu-

ally through the cabinet, and at each circulation passes into a dew-point

chamber and then to a heating chamber, on its way to the experimental

chamber. Figure 36 shows the Carrier cabinets in operation in the

Fig. 36. -Carrier cabinets for the control of temperature and relative humidity in the
temperature laboratory at the University of Minnesota.

temperature laboratory at the University of Minnesota. To the end of

one of these cabinets is attached the dehumidifying chamber in which

the air is cooled by coming in contact with water coils. The saturation

of the air at the dew point is insured by an atomizer which blows a fine

spray of water into the air when required. The humidity of the air is

controlled through a silk-thread hygrostat. This hygrostat turns on the

water in the atomizer when the relative humidity of the air is too low.

Temperature is controlled by a metallic expansion thermostat. The dew
point of the air will be limited by the ability of the machine to cool the air

and to produce the spray at the temperature desired. It is possible

to use a salt solution for the spray at dew points below freezing and to

use refrigeration coils to produce low dew points.

Vapor tension humidifiers are satisfactory for certain experiments in

small chambers. Sulphuric acid is also often used for this purpose.

It is necessary to make sure that the air comes into equilibrium with the

sulphuric acid. " International Critical Tables, " Vol. I, may be consulted
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for data on the solutions which can be used; also Wilson (1921) (Fig. 37).

The air may be drawn through the solutions or forced through by pressure

and should pass through a glass air-trap chamber before passing into the

chamber where the experimental animals are kept. It is difficult to

check the action of these solutions and to keep the sulphuric acid stand-

ardized as to specific gravity, as it obviously will gain or lose water

depending upon whether it is humidifying or dehumidifying the air.

It has been found practical to mount a small wet-and-dry bulb thermome-

ter in a tube and to connect this with the air stream at times, in order to

check the relative humidity.
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Fig. 37.—Graph showing the percentage by weight of chemically pure sulphuric acid

in water required to produce various percentages of relative humidity when in equilibrium
with air at different temperatures. (Data from Wilson, 1921.)

Headlee (1917) used supersaturated salt solutions in place of the

sulphuric-acid solutions for obtaining certain constant-humidity con-

ditions. The following table gives a list of convenient salt solutions

which may be used in this way. It is necessary to use chemically pure

salts and to make sure that the air comes into equilibrium with the

saturated solution. This method has the advantage in that, if there is

some precipitated salt in the bottom of the container and some water on

top, it is supersaturated and, therefore, a standard solution is being main-

tained. It has been found that these solutions work better in humidify-

ing than in dehumidifying. Consequently, it has been the practice to

pass the air first through chemically pure sulphuric acid of a specific

gravity of 1.84 and then through the salt solution desired. Difficulty

is always experienced because of the fact that salt precipitates on the

tubes where the air passes through the solution. These need to be cleaned

almost daily. Difficulty has also always been experienced in obtaining

the theoretical values for relative humidity. It is always necessary to
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check the relative humidity which is being obtained by the use of the

wet-and-dry bulb thermometer in a tube. This wet-and-dry bulb

thermometer must also be standardized against air of known relative

humidity, which is being moved through the tube at the same rate as the

air in the experimental chamber.

Table VII.

—

Table of Theoretical Values of Relative Humidity Obtained

When Air Is in Equilibrium with Super-saturated Solutions of Certain
Salts 1

Percentage of rela-

tive humidity at

Salts 27°C.

Lithium chloride (LC1 2 ) 7. 164

Calcium chloride (CaCl 2 ) 25 .97

Sodium hydroxide (NaOH) 30 . 72

Aluminum chloride (A1C1 3 ) 37 . 01

Copper nitrate [Cu(N0 3 ) 2 ] 45.71

Sodium bromide (NaBr) 56 . 18

Sodium chloride (NaCl) 73.414

Sodium nitrate (NaN0 3 ) 80 .035

Potassium sulphate (K 2S0 4 ) 89 . 78
1 Headlee.

Shelford (1929) gives a good discussion of the maintenance of constant

relative humidity conditions. In experiments where it is necessary

to maintain the evaporating power of the air at a constant rate, this may
be done by controlling the relative humidity, the temperature of the air,

and the rate of flow. Evaporation may be measured by introducing an

atmometer into the stream of air to read the rate of evaporation.

For maintaining the moisture content of soil at a constant, it is most

practical to weigh the' soil and add moisture at regular periods to make
up for the loss of evaporation.

For all experimental work under controlled moisture conditions, it is

necessary to study the problem to be investigated and decide on the basis

of each problem what type of control will be best adapted to the problem

at hand.

MOISTURE AS A FACTOR IN ANIMAL ECOLOGY

Animals participate in the general moisture cycle of nature, in that

they are continually taking in a certain quantity of moisture and losing a

certain quantity. They, therefore, may be affected by the moisture

cycle of their own metabolism and by the general moisture cycle of the

environment in which they live. The atmosphere involved in their

respiratory exchanges, the medium involved in their nutrition, and the

general cycle of precipitation and evaporation in their surrounding med-
ium, all affect them, It is oftentimes difficult to analyze the situation
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and determine which of these various effects is the more direct and the

more important.

Bachmetjew (1907) summarized the early literature on the effect of

moisture on insects; and since that time there have been various papers,

some of which are listed in the bibliography. We have, however, no

comprehensive summary of our knowledge on this subject at the present

time.

Effects of Moisture on Physical Processes.—As in the case of other

physical factors, before proceeding to study the effects of moisture upon

organisms, we shall now pause to examine the effects of moisture on

physical processes. Since all organisms are essentially aqueous solutions,

we shall study the effect of various concentrations of materials in aqueous

solutions. If we change the density of a salt solution, we change the

various properties of it. The Table VIII shows the effect of the change

of density of various salt solutions upon the surface tension as expressed

in dynes per square centimeter. Inasmuch as surface tension is a very

important factor in the mechanism of tissues and cells, we can see that

they may very well be affected by the moisture content in this physical

way. If we were considering the rate of contraction of the cells or the

rate of division of cells, it is easy to see that they would be greatly

influenced by such changes in surface tension as are expressed in the

table. Inasmuch as this is largely a physiological question, we shall not

take more time to present further examples of the effect of moisture

content upon the mechanism.

Table VIII.

—

The Relation of the Density of Aqueous Solutions to Surface
Tension

Solution Density T.°C.
Surface tension

dynes per cm.

NaClin H->0 1.107

1 . 193

1.277

1.351

20

20

19

19

80.5

NaClin H 20.. 85.8

CaClin H 2 90.2

CaClin H>0 95.0

Effects of Moisture on the Rates of Biological Processes—Growth,

Metabolism, Etc.—The evidence of the effects of moisture upon the rates

of metabolism in general is very incomplete. We have, however, data for

certain particular organisms which show that they have an optimum
moisture condition and that above and below this there may be a depres-

sion. This is in accordance with the information which we already have

on other physical factors. In examining the lists of examples which

we have from research, it is evident that it is not always possible to

measure the effect of humidity upon the rate of metabolism alone.
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Mortality may sometimes be a better measure of the effect of humidity

than rate of metabolism. It is also found that different stages in the

life cycle of a single species differ more in their humidity relationships

than do the same stages of different species.

Dendy and Elkington (1920) found that the rice weevil, Sitophilus

oryza, required about 10 per cent of moisture in wheat in order to develop.

In this case the larvae are entirely surrounded by their medium, as they

burrow into the center of the wheat berry, and are therefore affected

very largely by the moisture content of their nutritive medium.

Newstead and Morris (1920) found that the mite, Aleurobius farinae,

developed rapidly when 13 per cent of moisture was present in the flour,

but that development was slow at 12.4 per cent of moisture, and that the

mites died in about two weeks when the moisture was reduced to 12.2 per

cent. This seems to indicate that certain forms at least are extremely

sensitive to moisture content.

Elwyn (1917) found that 100 per cent of relative humidity was the

optimum condition for the development of Drosophila, and that a lower

humidity greatly increased the mortality. However, the rate of develop-

ment was found to be the same for 100 per cent, for 60 to 66 per cent, and

for per cent so long as the food medium was maintained properly.

Dewitz (1902) reported a similar condition for Lucilia.

Parker (1915) studied the development of the sugar-beet root louse,

and found that they might be killed by the addition of excess moisture

to the soil. Moisture in this case has an important effect upon the hatch-

ing of eggs and the molting of the skin in the immature stages and the

general development of the insects. In an experiment, Parker introduced

a lot of 200 sugar-beet root lice under each of three conditions: (1) in

dry soil; (2) in soil which was subirrigated; and (3) in soil which was wet

from above through a method simulating a rain. When these conditions

were maintained for two months, he found that in the dry soil the popu-

lation had increased to 11,581. In the experiments which were subirri-

gated, the population had increased to only 750; and in that which had

been wet, through frequent showers from above, to only 405. Two series

of experiments gave essentially the same results.

Headlee (1917) chose Mylabris (Bruchus) obtectus, the bean weevil,

for his experiments. These larvae burrow into the bean and live entirely

within the bean, using the moisture content of the bean and their own
metabolic moisture to maintain themselves. The beans, in turn, tend

to come into equilibrium with the surrounding air. For this reason,

Headlee considered that this species was well adapted for experiments

to determine the effect of relative humidity upon the rates of development.

The accompanying graph is taken from Headlee's data, and it shows that

in general the development of larvae is most rapid at high relative humid-

ity (Fig. 38) . In studying the pupal stage, however, it was found that the
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development was more rapid at low humidities, being 22 days at 100 per

cent and 14 days at 44.6 per cent. The eggs also hatched in six days at

100 per cent, and in four days at 23 per cent. In the case of this insect,

one can get an algebraic sum of all the various effects of the different

stages, which gives a shortening of the total life cycle at higher relative

humidity as compared with the lower relative humidity.

In the study of other insects, Headlee (1917) found that the pupal

period of the moth, Sitotroga cerealella, was lengthened by high humidity,

being 17 days at 100 per cent and only 12 days at 21.8 per cent.

In earlier studies, Headlee

(1913) found that Toxoptera,

the green bug which feeds upon
various small grains, developed

at the same rate at 80°F. when
the relative humidity was

maintained at 37, 50, 70, 80,

and 100 per cent. This seems

to indicate that certain organ-

isms which feed upon the sap

of plants may be relatively

independent of the direct effect

of the humidity of the surround-

ing air. It is even possible that in some such organisms their problem

is to dispose of excess water, rather than to be sure of maintaining a

certain minimum of water.

Hennings (1907) obtained

results from a study of Typo-

graphichus, a beetle which lives

under the bark of trees, and

found that the comparison of

moist and dry conditions showed

that the development was retard-

ed by moist conditions. His

experiments were run at temper-

atures of 14, 17, 20, and 24°; and

he found that where the exper-

iment under moist conditions

was compared with that under

dry, development was retarded 13 days at 14°, 7 days at 17°, 7 days at

20°, and 6 days at 24°C. It is possible that in this case there may have

been a complication due to the development of fungi giving some biotic

resistance.

30 40 SO 60

Percent R.H.

Fig. 38.—The development of the bean weevil
(Mylabris obtectus) at constant temperature and
various percentages of constant relative humidity.
Broken line, one experiment; solid line, average of

three experiments.
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Fig. 39.—Duration of the stages of Tribolium

confusum Duval at different relative humidities

and 27°C. (Holdaway's Thesis, 1928.)
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Holdaway (1928, unpublished thesis) studied the development of

Tribolium confusum at various relative humidities under constant tem-

perature conditions. He found that the egg and pupal stages were of

almost exactly the same duration throughout the entire scale of relative

humidity. The length of larval life, however, was shortened by increas-

ing the humidity, as shown in Fig. 39. From the standpoint of per

cent of mortality, however, he

found that there was a greater

survival of the larvae at high

humidity, but a reduced survival

of eggs and pupae, as is shown

in Fig. 40. The larvae, therefore,

have their per cent of survival

increased and the length of time

for development decreased by
an increase of humidity; while

the pupae and eggs do not have

the time change but have the FlG> 40.-Viability of the stages at different

per cent greatly reduced by high relative humidities. Constant temperature of

i . ,., T , 4- u 27°C. (Holdaway's Thesis, 1928.)
humidity. It was true, however,

that the greatest difficulty at high humidities was biotic resistance from

fungi. •
.

Davies (1928) studied the effect of various constant-humidity con-

ditions upon a series of species of Collembola. He measured the length
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Fig. 41.—Fifty per cent mortality plotted against time and percentage of relative humidity.
{Data adapted from Davies, 1928.)

of time which populations of Collembola could survive under starvation

conditions, and took this time as a measure of the effect of humidity.

It is quite possible, as he recognizes, that at some of the longer times the

factor of starvation may have been important. The general results of

his experiments are graphed in Fig. 41. This gives a series of species
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with various susceptibilities to low relative humidity. It is interesting

to note that Sminthurus viridis has tracheal respiration, while the rest

of them have cutaneous respiration. It is Davies' view that, in general,

organisms with tracheal respiration are less susceptible to low humidity

than those with cutaneous respiration. He believes that in the case of

Entomobrya multifasciata there is some physiological adjustment in

connection with the surface respiration. It is quite possible that the

systems of evaporation from insects with and without trachea are quite

different. Where trachea are not present, we have the simple matter of

diffusion over the surface of the body. Where trachea are present, there

is diffusion through the tracheal walls into the lumen of the tracheoles

and then the process of diffusion from the openings of the spiracles.

Hazelhoff (unpublished) has said that he found no effects upon the

opening and closing of the stomata of cockroaches due to different

relative humidities, which seems to indicate that this organism was not

reacting to humidity in so far as controlling diffusion by the opening and

closing of the spiracles was concerned.

Heavy precipitation may act directly by mechanically removing

certain insects from their host plants. This is common knowledge with

regard to many plant lice, and it has been observed as an important

factor in reducing the number of larvae of the larch sawfly, Lygeonematus

ericsonii, by washing them to the ground where they are unable to regain

a place on a host plant. Hail may also reduce the population of foliage-

feeding insects as well as damage their host plant.

Carter (1927) suggested that the concentration of sap in plants in

desert regions may have an important effect on the insects which feed

upon them. As the soil moisture becomes reduced, the concentration

of cell saps not only increases, but the sap is less abundant. Conse-

quently, in the semi -arid regions, as the summer advances, organisms

are forced to leave the plant, partly because of a reduced amount of sap

and, partly, because of the concentration of the sap that is present.

Burger (1907) fed the meal worm, Tenebrio molitor, on dry bran,

and found that the larvae lost weight but maintained their moisture

content as almost constant until they died. After death the moisture

was lost.

Babcock (1912) found that the larvae and adults of Tribolium

confusum maintained a moisture content of around 50 or 60 per cent,

while the moisture content of their food was in the neighborhood of 10

per cent. This seems to indicate that many of the insects are capable of

maintaining the moisture content of their tissues as relatively constant.

Robinson (1928) graphed the relationship between the total water of

food and the total water content of insects, as shown in Fig. 42. The

heavy line drawn across the graph indicates a perfect correlation between

the water content of the food and the water content of the insect. All
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of those forms which have a higher water content in the body than the
food are adding to the water content of the food the water of metabolism.
Some of the species which live upon food of very low moisture content
must depend very largely upon the water which they get as a by-product
of their metabolism. It will be noticed that in most of the cases the water
content of the insect bears some
relation to that of the environ- 90

ment. The upper, or broken,

line presents a hypothetical con-

dition in which the moisture

content of the insect would be

exactly the same as that of the

environment. None of the cases

falls on this line, and only two or

three occur in its vicinity. This

indicates factors other than those

which come into effect in the

total water content of the insect.

The degree of the deviation of

the broken line indicates the

extent of the influence of these

other factors.

The water binding capacity of the different species is shown in Fig.

43, where a correlation has been made between the total water of the
individual and the amount which is held in a bound condition on the

Fig.

tent of

1928.)

50 55 60 65 TO 75 80 85 90 95
Percent Total Water of Insect

42.—Relationship between water con-
insects and their food. (Robinson,

46 50 54 58 61 66 70 74 78 81 86 90/ 94

Percent Tota I Water Telea polyphemus

Fig. 43.—Relationship between water content and percentage of it which is bound by
colloids. (Robinson, 1928.)

colloids. Those species which live on comparatively dry food and have
a small percentage of water in their own tissues hold a large per cent of

it in the bound form, which is secure against the forces of desiccation.

For instance, the granary weevil, which has only 46 per cent total water,
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has 50 per cent of this in the bound condition. The rice weevil, with

slightly more total water, namely 48 per cent, has a smaller portion, or

35 per cent of it, as bound water. The locust borer, with 50 per cent

total water, binds 20 per cent. At the other end of the chart are the

species which live on food high in water and which consequently have a

high content of water themselves. A reverse order of conditions exists

here ; with from 58 to 92 per cent of water in their tissues, they have only

a small amount of this as bound, varying from 9 to as low as 3 per cent.

These results seem to indicate that various species of insects have

various physiological adjustments to protect themselves against the

desiccating action of their environment. It is quite evident that it is

necessary to know something of the physiology of the insect as well as

the moisture relations of the environment in order to make a correct

interpretation of the effect of the environment upon the insect.

If we were to generalize from the evidence before us, it seems safe to

state that, in general, if insects have a moisture supply secured directly

or indirectly through their food, which makes it possible for them to

maintain the moisture content of the body, they are relatively independ-

ent of the moisture content of the surrounding medium. However, the

moisture content of their food is affected by the surrounding medium.

Consequently, there is always an indirect effect of the surrounding

medium upon the insect. There may be also a direct effect in the event

that the evaporation rate may be so great that they are unable to main-

tain a moisture content from their food source. Ecological literature,

however, seems to be in need of a general summary on the effects of mois-

ture upon insects, both physiologically and ecologically.

Effects of Moisture on the Morphology of Animals.—Turning our

attention to the effects of moisture upon the structure of insects, we might

consider the types of structure which are normally correlated with moist

environments, and those which are normally correlated with dry environ-

ments. In this consideration, it does not necessarily follow that the

structures which are present in dry environments and which seem to be

adapted for protection against evaporation are necessarily developed

because of the dry environment. And the same may be said with regard

to the structures which are found in organisms living in moist environ-

ments. In previous paragrapns, reference has been made to the corre-

lation between rate of evaporation and type of respiration in insects.

Surface respiration is correlated with a very thin cuticula, and the heavy

chitinous covering is associated with tracheal respiration. In the case

of an insect covered with heavy chitinous covering, evaporation must

take place mainly between the tissues and the tracheoles; and diffusion,

then, takes place through the spiracles from the tracheal system to the

surrounding atmosphere. Insects which fly rapidly through the air and

are therefore exposed to conditions which will produce a very high rate of
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evaporation have well-developed tracheal systems and also tracheal air

sacs. It is an interesting suggestion that these tracheal air sacs may act

in conserving the moisture of the insect. The per cent of reduction of

moisture content of the air in the large sac because of diffusion through a

small opening is much less than that through an opening into a small

lumen.

Literature seems to furnish us with very few cases of unquestioned

evidence of the effect of humidity upon the structure of animals. The
following table is given by Bachmetjew taken from data from Quajat.

Race of silkworms

Number of cocoons per "1 ko"

Dry air Moist air Normal

Round Chinese white 771

442

653

705

409

593

754

Yellow Indian

White Japanese

403

623

In all cases the silkworm seems to have produced larger cocoons when the

larvae were reared in moist air. This seems to be fairly representative

of the effects of humidity upon insects, but there is little in the way of

definite data to support the generalization.

Andrews (1916) showed that the color of the rhinoceros beetle,

Dynastes tityrus, is influenced by the moisture content of the atmosphere.

Under moist conditions the chitin appears dark; under dry conditions,

it appears light.

The effects of moisture on color seem to lack proof. Knight (1924) at

first considered that moisture was an important factor in conjunction

with temperature, in producing the color changes which he observed in

Perillus. Later, when it became possible to control conditions with

greater accuracy, he concluded that moisture was of minor importance.

Thus, it is possible that much of the work summarized by Bachmetjew

(1907) and scattered through the literature since that date, may be in

error with regard to the effect of moisture.

Effects of Moisture on the Behavior of Animals.—Animals in many
habitats have the opportunity to select the conditions of moisture in the

same way that they may select light or temperature under other condi-

tions. Literature of economic entomology cites certain cases in which

moisture has been used in connection with insect traps (Dendy and

Elkington, 1920).

Shelford (1914a and 1914b) and certain of his students and Hamilton

(1917) studied the reaction of insects to air of different evaporating

powers. An experimental gradient cage was so arranged that three
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W M

Fig. 44.—Showing the
ground plan of the experi-

mental cages in their relative

positions. The hood which
covered and separated them
is not indicated. E is the

experimental cage; TV, the
section used for wet air; M,
for the air supplied directly

from the pump; D (dry), H
(warm), and R (rapid flow)

indicate the section where the
highest rate of evaporation
was maintained. The crosses

indicate the positions of the 1

candle-power lights; the
arrows, the direction of the
flow of air. The screen por-
tions of the cage are repre-

sented by broken lines. C is

the control cage similar to the
experimental in every way
except the kind of air supplied.

Below this is shown the con-
trol record of an experiment
during the first three minutes.
The ruling of the paper used
corresponds to half minutes
and the figures are written in

at the center. (Shelford,
1914.)

conditions of evaporating power of air could

be moved across the cage (Fig. 44). The
evaporating power of the air might be due to

the rate of movement of the air, to the tem-

perature of the air, or to the relative humidity

of the air. The organisms were introduced in

the center compartment of the cage and
permitted to move back and forth. If they

were sensitive to a difference in the evap-

orating rate of air, they would usually choose

one side of the cage or the other. A record

was kept on graduated paper in such a way
that the path of the beetle back and forth

across the cage could be shown by one dimens-

ion, and the time by the second dimension.

The diagram (Fig. 45) represents results which

/= Control

2= ZI°C. Airflow
A3.3 literspermm.

3=!7 Q
C. Airflow 13.3

liters per mm.

Fig. 45. -Reactions of Evarthus sodalis to moisture.

(Hamilton, 1917.)

were obtained by Hamilton (1917) studying

the reactions of larvae of one of the carabid

beetles, Evarthrus sodalis. The three vertical

columns in each experiment represent the air

in the gradient, and the passage of time is

indicated on the vertical scale. Certain

individuals reacted more definitely than others.

In general, it seemed that those insects which

are normally exposed to gradients of evaporat-

ing power of air have the most precise reaction.

Others are relatively indifferent to it.
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Robinson (1926b) experimented with the reaction of certain grain

weevils. These were introduced into a glass tube in which there was

present wheat of various moisture contents. The experiments could be

run for only a short period of time because of the fact that the wheat

in the various parts of the tube tended to come into equilibrium with

wheat in other parts. In this case it was not a simple reaction to moisture

content, but a feeding reaction which was involved. Some of the wheat

was too dry for the weevils to feed upon. The amount of frass which

accumulated in the various sections of the tube was an index of the

amount of feeding which was done in these places.

Certain wood-boring beetles seem to be very much influenced by

the moisture content of the wood in which they are able to work. Soil

insects undoubtedly react to soil moisture content in a rather definite

way. The flight of many nocturnal moths seems to be influenced by
relative humidity; as darkness comes on, at the end of the day, tempera-

ture falls and relative humidity rises. Our present discussion of the

subject cannot be taken as final, but as an introduction to a subject which

needs further investigation.

Effects of Moisture on the Geographic Range of Animals.—Tem-
perature and moisture are so interrelated in controlling the geographic

range of organisms that the two are often confused, and it is difficult to

separate out either moisture or temperature as a definite controlling

factor in the geographic distribution of animals. The subject is to be

treated later in connection with climatology and with the geographic

distribution of animals.



CHAPTER V

EFFECTS OF TEMPERATURE AND MOISTURE ACTING
TOGETHER IN THE ECOLOGY OF ANIMALS

In measuring the effects of temperature and moisture upon animals,

it has always been necessary to maintain all other factors as equal and

constant when the effect of one was being measured. This is true of the

analytical work of all ecology; and it is also true that in the conditions

of the environment in general, when one factor changes, other factors are

involved in the change also. It seems wise to stop at this time to con-

sider what effect there may be from several factors varying together.

We have just considered temperature and moisture, two of the most

important and most fluctuating of the factors of environment, and it

seems well at this time to consider the action of the two together as an

illustration of the action of two environmental factors.

In this consideration let us make the distinction between the effect

upon the organism of the two factors varying together and the effect upon

the environment when two factors vary together. For convenience we
shall consider first the effect upon the organism. It is true not only

that temperature and moisture are associated in their natural fluctuations

in nature, but that the effect of one is modified by the changes in the other.

The information which we have with regard to the combined action of

these two factors has come to us as a result of the two general methods

which we possess for obtaining information with regard to natural

phenomena. One is by the use of controlled laboratory experiments in

which all conditions are made constant except those which are to be

changed for the purpose of observing what effects may be produced by

the changes. This method has certain obvious limitations of space

and time in the conditions of the experiment and of the perception of

the human senses in observing the effects. The other method is to take

the facts from the conditions which exist in nature, and experiment with

them by the use of refined biometrical methods which are capable of

detecting certain effects which are not noticeable by general observation.

This method has limitations due to the lack of available facts, and both

methods are subject to faults of reasoning.

When we express the effects of two factors, we can do it most con-

veniently on a two-dimension surface, as will be shown presently. If

we were to use more than two factors, we would require a three-dimension

surface. We might even visualize a theoretical sphere, each diameter

106
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of which represents the dimension of some factor of the environment.

The optimum condition of the organism would then be at the center of

the sphere. We could make this figure a sphere by arbitrarily adjusting

the length of each diameter so that the limits of toleration of the organism

would always fall at the surface of the sphere. The outer surface of

this sphere, then, would represent the limits of toleration of the organism

with regard to all the factors of its environment; and the center of the

sphere would represent the optimum condition with respect to all the

factors of the environment.

Liebig recognized the fact that, when a multiplicity of factors was

present and only one was near the limits of toleration, this one factor

would be the controlling one. This generalization has been called

"Liebig's law" and is useful in the analysis of complicated factoral

influences.

Effects of Temperature and Moisture on Physical Processes.—Before

proceeding with the effects of two factors upon a complicated organism,

it will be well to look again to simple physical systems to determine what

effects may be produced by changes of both moisture and temperature

together. This is obviously a repetition of facts which are of common
knowledge. Any constant on a physical scale is a constant only when all

factors are involved as stated. The boiling and freezing points of all

solutions may be changed by changing the concentration of the solvent

in the solute. The freezing and boiling points of water are depressed

when a material is put into the solution. One gram-molecular weight of

dissolved substance in 100 c.c. water depresses the freezing point 18.7°C.

The freezing point of ethyl dibromide is depressed 118° in this way,

nitrobenzene 70°, and benzene 49°. In a similar way the boiling points

of solutions may be elevated, and the elevation bears a constant ratio to

the gram-molecular weight of dissolved substance. The boiling point of

water is elevated 5.4°C. for one gram molecule of dissolved substance in

100 c.c. Since the water content of an aqueous solution varies the boiling

and freezing points so much, it may be expected that the water content

of a complicated organism will greatly affect the behavior of the organism

in respect to temperature.

Effects of the Combined Factors of Heat and Moisture on Animals.—
The facts with respect to the effects of temperature and moisture on

physical systems, which we have just recited, will give a background for

the understanding of physiology of cells, which are after all aqueous

solutions. We now must turn our attention to an organism in which

these cells are combined into tissues, and the tissues into the entire

organs which constitute the organism. And the organism is presided

over by certain governing processes and in general by physiology. Some
of these governing processes have to do with the regulation of the tempera-

ture of the entire organism. Much attention has been turned to this,
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but it will be well to consider some of the generalizations of Hill (1908,

pages 268-270).

For organisms in general, a moist cold atmosphere causes the organism

to cool rapidly because of the rapid conduction of heat from its body
in the moist atmosphere. Poikilothermic organisms have their metab-

olism decreased rapidly under these conditions, while homoiothermic

animals are stimulated to increased metabolism in order to maintain

their body temperatures.

In a cold but dry atmosphere, the heat loss will be less rapid because

of less rapid conduction; and consequently, poikilothermic animals will

have their temperatures reduced less rapidly, and homoiothermic animals

will receive a less marked stimulus to increase their metabolism.

In a dry, warm atmosphere, evaporation on the surface of the body
will be rapid. Consequently, there will be a cooling effect due to the

heat of evaporation which will be lost by the animal. This makes the

regulation of body temperature possible under high temperature in both

poikilothermic and homoiothermic animals, for they are both alike in their

lack of ability to reduce their temperatures in any other way than by
evaporation from the surface, except as they may slow their general

metabolism.

A moist, warm atmosphere does not permit evaporation on the

surface of the body; and with rapid conduction there is no method for

lowering the temperature of the body, and the animal very shortly comes

into equilibrium, with the temperature of its body similar to that of the

surrounding air.

There is no implication that this interpretation of the interdependence

of temperature and humidity is especially new. It has been known for a

long time, and in many cases recognized, that the effect of humidity is so

slight that the temperature scale might be used alone, almost ignoring

humidity. Inasmuch as we are especially interested in the effects of

temperature and moisture upon insects, we will turn our attention to the

graph of Pierce (1916), in which the effects of temperature and humidity

are shown on a two-dimension surface.

The data used by Pierce were those from field notes, and the zones

that he has drawn are hypothetical to a certain extent. But he illustrates

the possibilities of this method of treatment from data. In Fig. 46 the

dotted lines across the chart represent the cross-sections through the

optimum temperature and the optimum humidity respectively. It

may be seen that the weevils will be dormant at the optimum tempera-

ture, provided the humidity is extreme, or may be dormant at the opti-

mum humidity, providing the temperature is extreme. The various

combinations of temperature and humidity which produce equal effects

upon the boll weevil are shown. There is a small zone about the opti-

mum-temperature humidity in which development is most rapid. In
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^^Approximate outer limirs'"
'

~+
~bf'development

any direction from this zone, development is slowed ; and we get the next

zone of equal development. These concentric zones of equal development

may be thought of as contours, indicating the level of development. If

this conception were represented by a pyramid instead of a flat surface,

the height of the pyramid would represent the rate of development,

the fastest rate coming where the

complete development takes place

in the shortest period of time, at

the intersection of the optimum
temperature and the optimum
humidity.

A somewhat similar figure

was made by Huntington (1915)

to represent the death rate of

populations under different con-

ditions of temperature and hu-

midity on the days of the deaths.

It is interesting to note that

the general nature of the figure

obtained by Huntington was quite

suggestive of that obtained by
Pierce. However, the use of

Huntington's data is open to a cer-

tain objection, as has been pointed

out by the medical profession,

because of the fact that it is not

known definitely that temperature

and humidity were a factor in

producing death.

Another two-dimension surface to represent the effects of temperature

and moisture has been plotted from the data of Parker (1930). In this

case, however, the time for hatching was almost uninfluenced by relative

humidity, and the surface presented is graphed for the per cent of hatching

of the eggs. These eggs were maintained at different temperatures and
humidities, as shown upon the graph in Fig. 47. The dots, and the

figures by them, represent the per cent of hatch at the different condi-

tions. The zones which are outlined in dotted lines have been inter-

polated. It will be seen that we have here an optimum relative humidity

of about 90 per cent, and an optimum temperature of 27°. The per cent

of hatching at 27° varies from 6 to 72, depending upon the relative

humidity; and likewise the per cent of hatching at 90 per cent of relative

humidity varies from 48 to 72, depending upon the temperature.

We can well be cautious in drawing broad generalizations from the

examples which have been presented. The general nature of the effect
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Fig. 46.—Graph showing the relations

of humidity and temperature to cotton
boll-weevil activity. {Adapted from Pierce,

1916.)



110 ANIMAL ECOLOGY

of the two factors acting together seems to be well established for either

one of the factors as a two-dimension surface rather than as a straight

line.

Shelford (1926 and 1929) had attempted to evaluate the factors of

temperature and humidity in phenological units. He has plotted the

cross-sections of such figures which represent the lines of equal effect of

temperature and humidity. This is a promising field of future investiga-

tion; but it is also a field which must be gone into with caution, if we are
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Fig. 47.—Graph showing the relationship between temperature and humidity and the

hatching of grasshopper eggs. {Adapted from Parker, 1930.)

to draw generalizations which may be applied to species. The figures

represented by the data of Parker and Pierce are alike, in that they show

optimum zones and marginal zones in which, in the one case, mortality

is extremely high, amounting to 100 per cent; and, in the other case,

development is stopped, ending in dormancy, and beyond this going to

death. But the optimum in one figure represents a high per cent of

hatch, and the optimum in the other figure represents the highest rate

of development. If we were to evaluate these in terms of a common
denominator, that common denominator would have to be the change of

population. This would also be true of many examples of insects which

have been cited under the heading of the effects of heat and moisture;

for their life cycle may be the same length under a whole series of humidi-

ties, provided temperature is constant.

However, death rates, and thereby population, may be affected

by humidity. These concentric zones of temperature and humidity

have been determined for relatively few organisms at the present time.

Doubtless, future research will show that additional factors may be
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added to extend these zones in another dimension. But it seems rather

evident from the literature which we have available at the present time

that our understanding of them is not sufficiently clear to warrant general-

izations which may be applied to all.

The effect of moisture and temperature acting together on human
comfort has been investigated by the American Society of Heating

and Ventilating Engineers in rather an elaborate series of experiments.

50 55 s&0 65 70 75 80 85 90 95 100

Dry Bu!bTempercrtureDeg.F.

Fig. 48.—Chart of equal comfort or effective temperature. (All reference to temperature
in degrees Fahrenheit.) (Honghten and Yagloglou, 1923.)

They have recorded the effects on internal and external body tempera-

tures, pulse rate, blood pressure, rate of respiration, loss of weight,

and various other measurable conditions under variations of temperature

and humidity. A large number of subjects were permitted to enter

chambers with different temperature and humidity conditions, and to

record their sensations of comfort as agreeable, cool, warm, etc. When
all of the data were assembled, they were found to be consistent in

denoting that there are certain conditions of equal comfort. A chart

was constructed (Houghton and Yagloglou, 1923) from which it is

possible to determine the combinations of temperature and humidity

which will give equal comfort. The two authors have referred to these
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conditions as a scale of "effective temperature." This term is quite

different from that which has been used previously, and is intended

to denote a scale of equal effects rather than the usual thermometer

scale. From the chart of equal comfort (Fig. 48), it is shown that an

equal condition of comfort may be found at 68°F. and 80 per cent of

relative humidity, or 79° and 10 per cent of relative humidity. Within

these limits, the subjects considered that the temperature was at the

optimum of comfort. Consequently, our dry-bulb temperature scale is

shown to be unreliable as measuring our sense of the temperature.

Turning our attention briefly to the effects of moisture and tempera-

ure upon the environment, McDougall (1925) has presented an interest-

ing conception which he has

taken from Koppen (1920) . It

is, of course, well known that

the significance of a certain

annual precipitation depends

largely upon the temperatures

which accompany it, and

thereby upon the evaporation.

When precipitation and evapo-

ration are equally balanced,

there will be no excess of water

to run off. In the diagram

(Fig. 49) McDougall has taken

Koppen's conception of this

critical point where evaporation

and precipitation are equal, and

has drawn the line B, which

representstheevaporation rates

and precipitation rates which

are equally balanced. Envi-

ronments in which the condi-

tions lie above this line are

classified as humid ; and those which lie below it, as arid. All environ-

ments with less than half of the critical amount of precipitation are

classified as arid; the others, as semi-arid. The consideration of

environments will be referred to later under the subject matter of

Synecology.

The ability of organisms to endure the extreme conditions of their

environment is affected by both temperature and moisture, as may
easily be seen by consulting the diagrams based upon the data of Parker

and of Pierce. This is now generally recognized, as literature contains

many examples substantiating this generalization.

10 10 ' 30 40 50 60 70 80

Mean Annua! Temperature Deg.Fahr.

Fig. 49.—Chart of moisture, based on precip-

itation as influenced by temperature. (McDougall,
1925.)
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Bachmetjew (1907) quoted data from various authors to show that

albumen with 25 per cent water coagulated at 47 to 80°C; with 18

per cent water, at 80 to 90°C; with 6 per cent water, at 145°C; and
water-free albumen, at from 160 to 170°C. This indicates again that

the mechanism of an organism is profoundly influenced by its water

content, and that the temperature scale of an animal is affected by this.

With respect to the ability of organisms to endure extremely low

temperatures, we have some critical information which has recently

been accumulated. Payne (1926) showed that if the larvae of Synchroa,

which normally burrow under the bark of trees and are exposed to low

Temperature of Cabinet

• " Bound water

°— Free wafer

x Total wafer

'

1»—-«
Fig. 50.—Effect of fluctuating out-

door temperatures upon percentage of

bound and free water for the hardy
Telea polyphemus. (Robinson, 1927.)

Fig. 51.—Showing reverse effect of a

moderately low temperature upon the

bound- and free-water content of the non-
hardy Sitophilus granarius. (Robinson,

1927.)

temperatures in the winter, are dehydrated under laboratory conditions,

their freezing points will be lowered.

Robinson (1927) compared the effect of moisture conditions at

low temperature upon insects which were hardy at low temper-

atures with those which were not. He found, in general, that

there was a change not only in the moisture content, but in the state of

the water present in the insect. In Telea polyphemus, a hardy moth
which hibernates in the pupal stage, the moisture content changes

very little during the fall, as is shown in Fig. 50; but the per cent of

water in the free state, and of that bound upon the surface of the colloids

undergoes a marked change when the outdoor temperature drops.

The pupae of this insect are capable of withstanding freezing for months.

Figure 51 shows the moisture condition of Sitophilus granarius, a
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weevil supposedly from the tropics, when temperature is being lowered.

In this case there is a slight drop in total water, a decided drop in bound
water, and an increase in free water; and the insects are unable to endure

low temperatures. It seems, therefore, that the effects of extreme

temperatures cannot be studied without being associated with moisture

conditions, and that possibly death under extremes of the temperature

is largely influenced by the moisture content and the state of the moisture

in insects.

Payne 1929 has emphasized the importance of absolute humidity as

expressed in millimeters of vapor pressure as an important factor in

determining the intensity factor of cold which insects can endure. It

seems quite definite from the work of Payne, Bodine, Fink, Robinson,

and others that the ability of insects to withstand low temperature is

usually limited by moisture conditions. In the case of insects which are

able to withstand freezing of their free water, it seems that the proportion

of water which they have bound on the surface of colloids may be a very

important factor. The further changes which take place when tempera-

ture is extremely low are not well understood ; but these changes seem to

be irreversible and therefore fatal. The field of investigation of the

effects of extremely low temperature is a very interesting and fertile one.
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APPENDIX TO CHAPTER V

DORMANCY

Dormancy will be used in this connection to cover all cases in which

the development of an organism apparently ceases. It will, therefore,

include the case of hibernation, or winter sleep; the case of aestivation,

or summer sleep; the case of inanition, in which organisms are tiding

themselves over a period of lack of food ; and certain other cases in which

it is impossible, at the present time, to assign a definite cause. Literature

abounds in references to this interesting type of lethargy.

Polimonti (1912) summed up the theories of lethargy in an interesting

volume entitled "II Letargo." In 1916, Rasmussen gave a summary of

the theories of hibernation. From time to time, almost every possible

exciting cause has been taken up and sponsored as the one cause of

dormancy. From a theoretical consideration, one may look over a

diagram such as Pierce's graph of the effects of temperature and

humidity, and see that either temperature or humidity or a combination

of the two theoretically might produce dormancy. Similarly we might

include all physical factors which may be beyond the limits within which

organisms are normally active. It is for this reason that this discussion

is entered into at the present time.

Before proceeding further with the discussion, attention will also be

called to the fact that almost any physical reaction of an organism may
be shown to be due in part to environment, and in part to hereditary

constitution. The color of certain insects and, to a certain extent, their

form and size may be varied by varying environment. Also, there may
be genes which tend to produce certain form, color, and size almost

regardless of the environment. The conclusion was reached in this

discussion by Weinstein that the characters of an organism, like the area

of a rectangle, are due not solely to one dimension. Just as the area of

a rectangle varies both with the altitude and the base, so the characters

of organisms vary both with environment and heredity. If we will

now admit metabolism as a characteristic of an organism and consider,

as has been very well demonstrated, that some organisms may have their

metabolism proceed almost uninterruptedly and that others may require

cessation of metabolism at certain intervals, we have another character,

metabolism, which may be affected by both heredity and environment.

We have many clearly demonstrated cases of cyclic metabolism, as in the

case of reproduction in the oestrous cycle, the length of which has been
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shown to be an innate hereditary character of given organisms, but which

may be influenced to a certain extent by environmental influences. We
turn our attention to the vast amount of literature which is before us on

this subject, with this viewpoint in mind, granting that there may be

cases in which heredity apparently plays the dominant role in that the

characteristics of metabolism are definitely set down by it and are

relatively unaffected by the environment. On the other hand, we will

have cases in which environment plays the dominant role in determining

the length of the period of activities and the length of the period of

dormancy. It would seem difficult to draw a hard and fast line between

cases of dormancy in which the environmental factors have relatively

little influence and those in which they have a great influence, just as it

would be difficult to draw the distinction between the effect of tempera-

ture in affecting the color of organisms and the influence of heredity

in affecting their color ; for in many cases the color of an individual may
be due to both influences.

If the literature on the subject of dormancy is to be divided into

groups on the basis of the types of organisms worked upon, we will find in

one group the hibernating homoiothermic organisms which in the winter

season might be said to cease to be homoiothermic and become poikilo-

thermic. This is true of certain of the mammals; and Rasmussen (1916)

gives a very good review of the various theories that have been proposed

to account for this peculiar upset of the temperature regulatory system,

and the adoption of a poikilothermic state. The most common theory

of the cause of hibernation of these organisms is low temperature, but

there are plenty of cases cited in the literature where the animals have

not gone into hibernation under experimental conditions when exposed

to low temperature. It has been suggested that the carbon-dioxide

content of their burrows induces autonarcosis, but the work of Rasmussen
on the woodchuck seems to have shown that this is not the case. Abun-
dance of food and lack of food have both been proposed as a cause, and

it has also been suggested that it is simply a form of sleep which is very

profound. The work of Rasmussen on the woodchuck or marmot, and

of Johnson on the striped spermophile are both good examples of the

conditions which attend this dormancy in mammals.
Among the poikilothermic animals, the suggestion of the influence of

low temperature seems to have carried much more weight, because here

it is not necessary to postulate the upset of the mechanism for the control

of temperature of the body. Among the insects it is perfectly clear that

certain of these species can continue development generation after

generation without any imposed dormant period. Tribolium confusum

is such an insect. On the other hand, we have insects which pass through

but one generation per year regardless of the fact that temperature is

high enough for development to continue. In the north temperate
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regions there are many examples of such insects. It happens also that

there are certain species which pass through but one generation per year

in the northern part of their range, and pass through several generations

per year in the southern part of their range. These species have been

the subject of a great deal of controversy. It seems evident in the case

of many of these that if they were to start a second generation, the winter

would catch them at a stage in which they could not endure low tempera-

ture, and the species would be wiped out. So we have the very interest-

ing case of species which have either one or two generations per year,

many of them without any attempt at an intermediate condition.

Roubaud (1922) proposed the term " holodynamic " for forms which

continue their development without interruption, and "heterodynamic"

for those which had their development interrupted by periods of dormancy.

It seems, however, that the older terms, which have been in use in litera-

ture for a long time, of
a univoltine" for those which pass through but

one generation before dormancy, of "bivoltine" for those which pass

through two generations in succession before dormancy, and of "multi-

voltine" for those with many generations, are more applicable. There

is probably no single form which has received more attention from this

standpoint than the silkworm, Bombyx mori.

Jucci (1924 and 1926) gives a very good statement of the problem in

connection with the silkworm, which seems to indicate quite clearly that

we have here a combination of environmental and genetic influences.

This whole work has to do with the making of a distinction between cases

in which environmental temperature is responsible for the oncoming of

dormancy, and the cases in which no environmental influence is at least

evident in causing the dormancy.

Roubaud (1922) suggested that in the cases where there is no evident

environmental factor initiating dormancy, it may be due to an accumula-

tion of waste product, such as urates. However, his theory requires

that one conceive of the accumulation of these urates passing over from

one generation to another. If they did so pass over, they would have

to pass through the egg. It is difficult to conceive, quantitatively, of

such an accumulation passing through the egg from one generation to

another until the accumulation had reached such proportions that

dormancy was induced.

Hormones and enzymes have been suggested as causing the dormancy.

Such suggestions are not at all out of harmony with the theory that in

many cases dormancy is a genetic factor, for we know perfectly well that

in species where the period of the oestrous cycle is a genetic character it

is in fact initiated by a hormone, the secretion of which is associated with

the genetic factor. In the case of the European corn borer, Pyrausta

nubialis Hb., there are sections of the country in which there is but one

generation a year, other sections where there are two generations a year,
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and still other sections where there are sometimes one generation and

sometimes two generations in a year. Babcock, Barber, Parker, and

others have discussed the dormant period of the corn borer. It seems

that the only attitude to be taken towards this problem is that many
strains of the corn borer are heterozygous for univoltine or bivoltine

factors.

Dawson (unpublished thesis) made a study of the polyphemus moth,

which has but one generation a year in Minnesota, and two generations

a year in Nebraska and points farther south. In this case, certain

morphological differences are to be found between the two races, such

as size and color of eggs, and other characters. He found, however,

that under experimental conditions it was possible to induce the northern

univoltine race to pass through many generations in one season, and

also to get the southern race to pass through but one generation. How-
ever, in all cases there was a certain per cent of the population which did

not behave as indicated. Extensive experiments, in which there was an

attempt to select pure-line strains of bivoltine stock, indicate quite

definitely that there are hereditary and environmental forces operating

in this case, just as in nature the races are, to a certain extent, always

heterozygous for the character of univoltine or bivoltine metabolism.

Looking at the problem from the standpoint of the general ecology

of the organism, it seems evident that the environment is imposing upon

the organism a period of dormancy by its selective action in wiping out

all organisms which are not capable of enduring dormancy during the cold

period of the year. The obvious result of this is the survival of the

forms which have some method of passing this cold hibernation period.

The question of how these organisms acquire the ability to hibernate is

as mute as the question of the acquirement of any character.

Baumberger (1917) concluded that those organisms which could

endure dormancy in whatever place the cold weather overtook them did

not have a periodic hibernation period, but were controlled very definitely

by the temperatures which obtained surrounding them; that those

organisms which had to prepare themselves for hibernation by forming a

cocoon or digging into the ground or otherwise protecting themselves,

were characterized by a periodic dormancy, and that they began to pre-

pare for it at a certain time, quite regardless of the temperatures that

obtained at that time. With our present knowledge of the changes of

physical factors, it is very difficult to distinguish between cases in which

there is a definite periodicity and those in which there is an influence of

the environment. At about midsummer, temperature begins its very

gradual decline, the angle of incidence of the sun's rays changes, the food

plant begins to mature, and a whole series of physical changes is under
way though not very evident. A careful analysis of this entire situation

with a complete citation of literature would require a volume in itself.
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It has been the purpose to insert this little appendix on the subject of

dormancy to suggest a viewpoint for the consideration of the whole case

of dormancy.
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CHAPTER VI

PHYSICAL CONDITIONS OF ENVIRONMENTAL MEDIA

PRESSURE OF THE ENVIRONMENTAL MEDIA

The force which we measure as pressure of the environmental medium
is that of the action of gravity on the superimposed atmosphere or

water, although it may very well include the pressure which may be

encountered in soil or in any other medium. Atmospheric pressure

varies slightly in any given place with the changes in the general atmos-

pheric conditions, but the greatest changes are those associated with

altitude. The possibilities for the change of atmospheric pressure

which a terrestrial organism may encounter even when going to the

highest altitudes are as nothing compared with the pressure which an

aquatic organism may experience in going down even to the deepest parts

of our lakes, to say nothing of the sea.

Measurements in Recording of Pressure.—Pressure is commonly
measured by means of a mercurial barometer which consists essentially

of a tube in which the mercury in the vacuum column fluctuates with the

atmosphere. The height of the column of mercury is a measure of the

atmospheric pressure, when the temperature coefficient has been taken

care of. If the instrument is exposed to a complete vacuum, there will be

no column of mercury in the tube. If exposed to an ordinary atmosphere

at sea-level, the column of mercury will be 760 mm. or practically 30

inches, and is equal to a pressure of 14.696 lb. per square inch, or 1033.3 g.

per square centimeter. This is ordinarily stated as one atmosphere of

pressure. The aneroid barometer registers the atmospheric pressure on

a partially exhausted chamber. It is calibrated to read in the equivalent

of inches or centimeters of mercury. These instruments are usually

limited to a range of but a few inches, but are portable and require

practically no correction for temperature. The more delicate aneroid

barometers are often calibrated to read in altitude as well as in inches

of mercury. They, therefore, make a very convenient instrument for

making rough measurements of altitude when doing field work. The

difference in altitude of two points may be calculated when the barometric

pressures and the temperatures are known. There are more or less

elaborate formulae which are very accurate, but the following approxi-

mate formula is practical where the differences of altitude do not amount

to more than 1,000 m.

H = 1,600,000^ T ^
2

(1 + 0.0040
Oi -r 02
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In this case 61 and 6 2 are the two barometric readings, and t is the mean

of the temperature of the two stations. It is often more convenient to

determine the altitude directly from the scale of an aneroid barometer so

calibrated, or from tables such as may be found in the " Smithsonian

Meteorological Tables." Barographs for the recording of pressure

usually operate on the principle of the aneroid barometer, which is

connected with a lever and pen for writing on a revolving drum. Pressure

at various depths and aquatic environments is usually calculated on the

basis of the weight of the superimposed column of water, which amounts

to one atmosphere for each 10.329 m.

The maintenance of various pressures or vacuums for experimental

purposes may be maintained by the use of chambers and pumps. Pumps
have now been developed which are capable of producing high pressures

or a vacuum down to 0.001 mm. pressure. Some difficulty is experienced,

however, in introducing pressure into laboratory experiments and

adding it to all the other conditions which it is desirable to maintain

at a constant. It is, however, by no means impossible with modern

apparatus. The desirability of introducing it in any given experiment

must be determined on the basis of the organisms involved and the type

of experiment which is to be performed.

PRESSURE AS A FACTOR IN ANIMAL ECOLOGY

Effects of Pressure on Physical Phenomena.—All tables of the

constants of physical phenomena designate the temperature under which

the determinations were made. There are some physical phenomena
which are profoundly affected by even a relatively slight change in

barometric pressure. We all know that water boils at 100°C. at a

pressure of 760 mm.; but at 775.2 mm. it boils at 100.6°C. At 660.2

mm. it boils at 96.1°C; and at 431.8 mm. it boils at 84.9°. Therefore

at an altitude of 15,430 feet, water will boil at only 84.9°C. It is very

evident that evaporation will be greatly affected by such changes of

barometric pressure as may be experienced in terrestrial environments.

Effects of Pressure upon Animals.—Knowing the effects of pressure

upon the boiling point of water, we are not surprised that animals should

be affected by changes in pressure. This is a case, however, in which it

is extremely difficult to differentiate between the effects of pressure as

such acting directly upon the organism and the effects of pressure upon

other factors. It is difficult, if not impossible, to experiment with

pressure and leave all other factors unaltered. When we experimentally

reduce the pressure, we also reduce the pressure of the gases which are

involved in respiration. Most investigations seem to show that metab-

olism in general is affected by the action of pressure upon the gases

involved in respiration.
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Herrera and Lope (1899) summarized the results of some experiments

on the altitudes at which various organisms were found and were able to

survive under equivalent pressures.

Schneider (1921) reviewed the literature on pressure, particularly

of mammals, and gives data on the ability of various organisms, and
especially man, to survive at different altitudes. It is shown that man
becomes unconscious at from 23,000 to 25,000 feet; and this is due pri-

marily to the changes in tension of carbon dioxide and oxygen. Carbon
dioxide going from 39.7 mm. at sea-level to 30 mm. at 20,000 feet, and
oxygen from 103.2 mm. to 34.8 mm. This allows for a difference in

oxygen tension between the blood of capillaries and the alveolar air of

only 5 mm., which means that it is no longer possible for the organism

to take up sufficient oxygen and give off sufficient carbon dioxide to

maintain normal metabolism.

Portier (1928) has arrived at the conclusion that birds are able to

endure very much greater altitudes than mammals without suffering

any difficulty. He has done this apparently entirely on theoretical

grounds. He states that the respiratory mechanism of birds is so

arranged that the inhaled air comes directly in contact with the blood

capillaries and that the carbon dioxide is swept on ahead of it and is

exhaled without mingling with the atmospheric air. In this way he

considers that the carbon dioxide and oxygen tensions are balanced

between the blood capillaries and the incoming air, whereas in mammals
the incoming air mingles with and dilutes the carbon dioxide already

present in the lungs. Thus he states that the difference in tension is

much greater in birds than in mammals, and for this reason he believes

that they are able to fly rapidly without difficulty at high altitudes.

This reasoning might be applied to insects, as will be stated later under

the consideration of gases.

Greenwood (1906) states that lesions are produced in animals, when
they are decompressed, by the escape of nitrogen bubbles in the blood.

He states that this would seem to be impossible in the case of insects, for

he assumes that the blood performs no respiratory function. He experi-

mented with larvae of Cossus cossus, and submitted two larvae to atmos-

pheric pressures which he states as +25 and —30 for 20 minutes in the

first case, and for 2 hours 40 minutes in the second case. These larvae

pupated normally after being decompressed instantaneously. He
concludes that this ability to endure the great change of pressure is due

to tracheal respiration.

The literature on the effect of atmospheric pressure upon insects

consists of that which is a result of experimental research with controlled

pressures and from observations in the field under known barometric

pressures. All experimental work seems to indicate that so far as pres-

sure itself is concerned, insects are able to endure a reduction of pressure
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which is more than equivalent to the highest altitude that may be

experienced on the earth.

Cole (1906) exposed 10 rice weevils, Sitophilus (Calendra oryzae),

which were placed in a vacuum of one inch of mercury with some food.

On the fourth day three were dead; the seventh day, one; the twelfth

pressure to wh/ch eru/t el/e5 '

were subuected , al.terna t/ng }
w/th normal pressure ,2-4 times '

/n 4- hours ; 7~wo out op the ten
el/es l/ved and bred

MOST or the insects wh/ch uur^_
TR/ED STOPPED WALKING BY THE TINE f
TH/5 POINT WAS REACHED BUT STARTED'
AGAINA T MORE NORMAL PRESSURES

PRESSURE AT WH/CH SP'ROBOL US'
WALKED /TS FASTEST METER

PRESSURE A T WH/CH THE*
AVERAGE SPEED OP SP/RO
BOLUS WAS GREATEST

§ -THE HIGHEST
S PO/NT REACHED
¥ BY "SOUNDING
Q BALLOONS

"

V.-MAN HAS NOT
$ SURVIVED H/GHER
"^ THAN TH/S EVEN

W/TH SPEC/AL
APPARA TUS.

7DO GOO SOD ADD JOO ZOO

Baromtetr/d Pressure

Fig. 52.—Summarizing certain experiments with reduced air pressure. The curved
line shows approximately the relation between air pressure (horizontal scale) and height

above sea-level (vertical scale) under normal conditions. At the right are human affairs,

including diagrammatic representations of the heights of mountains. Entomological
facts are given at the left. (Lutz, 1929.)

day, one; and the fifteenth day, five were still alive after they were

taken from the chamber.

Back, Cotton, and others have shown that insects are capable of with-

standing an almost complete vacuum for hours and even days, and that

probably evaporation and respiration are responsible for death at the

end of this time rather than the reduced pressure as such. The following

table from the experiments of Back and Cotton shows how resistant
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these organisms are. Lutz (1929) experimented with the milliped

Spirobolus and the fruit-fly, Drosophila. Upon measuring the rate of

movement of Spirobolus, he found it to be most rapid when pressure had

dropped as far as nearly 100 mm. In the course of the experiments,

flies, beetles, butterflies, and bees were exposed to supervacuum, some

being able to survive at 1/10000 mm. for 90 seconds. The general

results of the experiments are shown very graphically in Fig. 52. This

seems to indicate quite clearly that insects are able to survive at pressures

equivalent to altitudes greater than normally might be experienced on

the earth.

We turn our attention to aquatic insects, such as Corethra, Chiro-

nomus, and others which live in the bottoms of our deepest lakes. We
find that they are able to endure many atmospheres of pressure and even

to emerge from the surface of the water after a rather rapid ascent

without any bad effects. Further consideration of the pressures endured

in the water will be taken up under the subject of Synecology.

The results of casual observation from the field usually state that

flies are affected by a falling barometer. Parman (1920) reports that

several species of flies go into a state of nervousness when the barometer

is falling. He cites the example of Stomoxys calcitrans and the housefly,

Musca domestica, which were particularly abundant just before the

storm in 1916, but which could not be found in any numbers at all

after the storm. There is of course no definite evidence that it was the

falling barometer alone that affected these flies. Adult insects are said

to emerge during times of high barometric pressure; butterflies also are

said to migrate during times of high pressure.

Dodds and Hisaw (1925) concluded that the altitudinal distribution

of lotic Trichoptera was due primarily to temperature, and that pressure

associated with the altitude probably was an insignificant factor if of

any importance at all. v
We have little direct evidence with regard to the effect of pressure

upon the development of insects. Lutz states that some of the Droso-

phila which were exposed to the lowest barometric pressures reproduced

and their progeny were apparently normal. Some experimental work
with centrifuging developing organisms has shown that it is possible to

misplace certain developing tissues, and thereby produce abnormal
organisms. This may be of some ecological interest in suggesting that

pressure, especially unequal pressures, may be important in influencing

the mechanism of development and possibly in extending even to the

mechanism of heredity as concerned with genes on chromosomes.

The behavior of insects is undoubtedly affected by pressure, especially

as concerned with reactions to gravity. It is common knowledge that

many insects are negatively geotropic, i.e., that they react negatively to

gravity and crawl upwards on various surfaces.
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Loeb (1918), Kanda (1914 and 1916), and others have given attention

to the reactions of organisms to pressure. It will not be the purpose at

the present time to go into the details of the behavior of organisms, and
to discuss the merits of the various views relative to these reactions.

Fielde and Parker (1904) concluded that ants did not react to aerial

vibrations, but only to those transmitted to them by the substratum upon
which they were resting. They concluded also from their experiments

that the reactions did not depend upon the antennae, the head, the

abdomen, or any pair or two pairs of legs, but that the organism as a whole

reacted and that the stimulus was probably received through the legs.

This was in accordance with the belief of Cole (1917), that Drosophila

reacted to gravity because of the stress of the body as it rested upon the

legs, rather than to any chordatonal organs, as suggested by Loeb. The
various reactions of contact to vibrations and to pressure might logically

be considered under this head. Since, however, it is not the purpose to

enter into purely behavioristic or physiological phenomena, they will not

be taken up further at this point.

It is difficult to correlate the effect of pressure upon the geographic

distribution of insects from our present knowledge. The conclusions

of Dodds and Hisaw have already been referred to as showing that

altitudinal distribution may be more closely correlated with temperature

than with pressure. This would seem to be reasonable, for it is certainly

shown by experimental work that insects are able to endure far greater

variations of barometric pressure than are ordinarily to be found on the

surface of the earth.
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MOVEMENTS OF THE MEDIA

The movements of the environmental medium, especially the currents

of atmosphere and of water, have profound effects upon the distribution

of the organisms and upon their immediate environment. The ocean

currents affect the temperature of the continents; the prevailing winds

influence both the temperature and precipitation of areas, making some

favorable and others unfavorable for plants and animals. In the study

of autecology, we are most concerned with the effects of the currents

of water and atmosphere upon the individual organisms. The effect

of the currents of the ocean and of fresh water has attracted much more

attention than has the study of the effects of movements of air.

We are just beginning to be aware of the great effect which wind has in

distributing many of the smaller organisms over the surface of the

earth. We now know that the air, like the water, has a great floating

population.

Methods of Measuring Currents of Atmosphere and Water.—The
measurement of wind is most commonly accomplished by the use of a

Robinson cup anemometer (Marvin, 1907; and Humphreys, 1920).

Hemispherical cups are mounted on horizontal spokes of a wheel. The
open side of the hemisphere will thus face the wind on one side, and the

convex side of the cup will be directed toward the wind on the other.

The instrument is connected with a recording device, which reads the
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number of miles of wind which have passed over a period of time. This

type of anemometer is not affected by the direction of the wind, but is

clumsy to use in the field. The Buram portable anemometer consists

of a four-inch fan connected with the dial, which records the passage of

wind. It is equipped with a device for starting, stopping, and zero

setting. The operator, however, must face it into the wind, as there

is no wind vane on it. A watch is used to measure the time. It is,

however, a very convenient field instrument.

The pitot tube (Rowse, 1913) may be used for measuring currents of

water and also for measuring the speed of air in passing through experi-

mental chambers in laboratory work. This instrument consists of a tube

with a dynamic opening facing the wind or water current, and one or more

static openings at right angles to it. The dynamic opening is connected

with one side of a manometer, and the static opening with the other side.

Water may be used as the indicator fluid to show that the difference of

level in the two sides of the manometer will be proportionate to the

rate of flow. A chart is provided, which is calibrated for either air or

water, and from which the rate may be taken when the manometer read-

ing is known. Various instruments have been devised for measuring

water currents in the ocean and in large bodies of water. These will be

referred to under the subject of Aquatic Synecology. For ordinary

aquatic field work and for laboratory work the use of the pitot tube is

one of the most convenient methods.

Movements of the Media as Factors in Animal Ecology.—For the

present purpose, the action of the wind primarily will be considered under

this heading. The action of the currents of water will be referred to in

connection with aquatic environments in the section on synecology.

Attention has already been called to the importance of wind action as

affecting evaporation. Its general effect on the conduction of heat is

too well known to require further attention. In all restricted environ-

ments, it is of great importance in accelerating the diffusion of gases.

There are doubtless many other effects which might be dwelt upon; but

in the present treatment of the subject it seems more profitable to con-

sider the cases of distribution of organisms.

The Effect of Wind and Currents of Water on the Distribution of

Animals.—The atmospheric air is in almost constant movement horizon-

tally and vertically, on account of differences of temperature and of

barometric pressure. In some cases these movements are relatively

local and of short duration, while in other cases they are of great magni-

tude and almost continual. Humphreys (1920) calls attention to certain

areas of the world where violent winds blow almost continually because

of great differences of altitude, temperature, and barometric pressure.

It is only within recent years that we have come to appreciate the great

significance of these movements of the air in the distribution of many
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of the smaller organisms. Spores of fungi have been found at an altitude

of 11,000 feet.

Burgess (1913) and Collins (1915 and 1917) studied the distribution

of the gipsy-moth larvae by the wind. The first instar larvae of this

moth have long been known to have specialized hairs which greatly

increase their surface ratio. When the surface-weight ratio of these

tiny larvae is compared with that of certain seeds of plants which are

known to soar in the air, it is found that they rank among the best, so

far as soaring coefficient is concerned. It is difficult to get an exact

measurement of the surface area; but after the first molt the long hairs

are no longer present, and the larva is much less subject to transportation

by the wind. When its food is scarce during the early larval life, the

caterpillar lifts the anterior part of the body in an effort to find new foliage

and is thereby exposed to the action of the wind. Collins studied the

distribution of these larvae by putting out screens covered with adhesive.

It was found that they were carried across Cape Cod Bay a distance of

19 to 30 miles; and horizontal screens placed upon meadows showed

that large numbers of the larvae were being dropped on every acre of land.

Reports from vessels at sea have often recorded insects being found

thousands of miles from the shore.

Hurd (1917) records that swarms of grasshoppers were found 1,200

nautical miles at sea, and McCook (1890) states that spiders have been

found at a height of from 1,000 to 2,000 feet in the air and 200 miles at sea.

Quayle (1916) showed that the young of the black scale, Saisettia

oleae, were distributed by the wind from one block of trees in an orchard

to another.

Felt (1925) made a study of the distribution of insects by wind in

New York State, and used small balloons as an index of the direction

and velocity of the winds at various times during the growing season.

He states that swarms of mosquitoes have been observed at altitudes of

2,000 and 3,000 feet. Balloons which were used in these experiments,

when inflated for a minimum of buoyancy, were carried by upward cur-

rents of the air to elevations of 1,000 feet. The average velocity of these

drifting balloons was approximately 17 miles an hour; but there is a

possibility of a speed of 50, 75, or even 100 miles an hour. Many of

these balloons drifted several hundred miles in a period of 24 hours.

From the records of southern insects that have been captured far in the

north, it seems certain that it is not uncommon for insects to be carried

hundreds or even thousands of miles by the wind. Felt reports Alabama
argillacea as occurring in Canada, when it is known that it does not

breed farther north than in the cotton regions.

Light-trap experiments at the University of Minnesota and in

Montana have shown that there are many adult insects which are found
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at times in the north even though their food plant is at least as far south

as the cotton belt.

Elton (1925) reports large numbers of aphids, Dilachmus piceae, and

a hover fly, Syrphus ribesii, which were found after a strong wind in

Northeastland, Spitzbergen. These were found all over fresh snow,

which indicated that they had recently arrived; and he concluded that

they must have been carried by the wind at least 800 miles.

Wadley (1928, unpublished thesis) reports that the green bug,

Toxoptera graminium, which arrived in Minnesota in 1926, must have

been carried by the wind from Oklahoma. This would have required

approximately three days of continuous wind with a rate of 200 to 600

miles per day. He tabulated the wind rates from this direction during

the spring of the year, and found that in 1918 and 1926 there was sufficient

wind to account for such a distribution of the aphids.

At the present time we know very little of the fauna of the upper air.

There are, however, several investigations under way at the present

time; and doubtless in the near future we shall have more information

with regard to the organisms which might be termed the plankton of

the air.

This suggests many interesting problems. The limitations of the

gas are not very great until a very high altitude has been reached, as

has already been referred to. There is, however, a decrease of tempera-

ture at a relatively uniform rate of 6° per 1,000 m. from sea-level, to

11,000 m. where the temperature is constant at — 55°C. At an altitude

of 1,200 or 1,300 m., therefore, the temperature will approach 0°C. The

vapor pressure of water also drops off rather rapidly and is reduced by

about 20 per cent at 1,000 m. The upper atmosphere is, therefore, not

a very favorable environment.

The morphology of animals is probably affected by movements of the

medium in much the same way as sessile plants are affected. The
pines growing along the seashore, which have been permanently bent

by the action of the prevailing wind, are a classical example. We have

not many sessile animals, however, which are comparable to these plants.

Many aquatic organisms which swim rapidly through the water or which

maintain themselves in a constant position in a rapid stream of water

have a so-called " streamline form," which seems to offer the least pos-

sible resistance to the action of the current.

Clemens (1917) experimented with masses of wax which were molded

into different forms, and found that when the wax was molded in the

form of a brook trout, it gave a pull of six grams in a constant stream

of water; whereas the same quantity of wax in the form of a cone with

its apex upstream gave a pull of 50 g. A model of the may-fly, Chiro-

tonetes, gave a pull of nine grams. There is nothing to show that the

form of these organisms was influenced by the current, but rather that,
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through selection, the forms living in the rapidly flowing water have

body shapes which offer the minimum of resistance. Experiments in

aeronautical engineering in connection with aviation have shown that

this streamline form offers the minimum amount of resistance to the air.

It may be noted that the bodies of the birds of swiftest flight conform

more or less to this same streamline form.

Effects of Movements of the Medium on the Behavior of Animals.—
Wheeler (1899) observed that some of the Syrphidae (hover flies) oriented

themselves to face against a slight breeze and maintained an almost

constant position. To this phenomenon he gave the term "anemotro-

pism." There is in this case, however, nothing to indicate that the organ-

ism was reacting to the pressure of the air or the movement of the air.

It is entirely possible that they were reacting as a result of vision and

a sense of relative position. In the case of rheotaxis of aquatic organisms,

it is quite clear, in certain cases at least, that the reaction in heading

upstream is due to their sense of relative position rather than to a

reaction to the current of the water itself. This may be tested in the case

of certain fishes by placing them in an aquarium with scenery on each

side, which may be moved in one direction. When the scenery is moved,

the fish turns to face the direction in which the scenery is moving and
swims to maintain his relative position with regard to the scenery.

Allee (1914) has pointed out the ecological importance of the rheo-

tactic reactions of certain stream isopods. The subject matter, however,

of the detailed relationships of these organisms to movements of the

medium resolves itself into a study of animal behavior of physiological

nature.

Lutz (1927) found that the number of insects collected at a light on a

side upwind and on the side which was downwind bore a rather consistent

relationship. Only about 7 per cent of the total catch was on the wind-

ward side, and over 25 per cent was on the leeward side. This must be

interpreted as the effect of wind upon the ability of insects to alight,

rather than as the effect of wind on the reactions of insects. Many of

them undoubtedly are carried beyond the light by the action of the

wind, and then return upwind to the trap.

This discussion comes to a close with these fragmentary accounts of

the effect of movements of the media. Other references will be found
in connection with descriptive synecology, particularly with regard to

aquatic environments.
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THE GASEOUS CONSTITUENTS OF THE MEDIA

The earth is surrounded by an envelope of atmosphere which is

relatively uniform near the surface, showing very little change in altitude

over a distance covered normally by organisms, and which does not

vary greatly from pole to pole, as shown by the following figure taken

from Humphreys (1920). In general, the gaseous constituents of

various special media, such as soil, water, and others, are in equilibrium

with the atmosphere. There are, however, many special restricted

environments in which the gases may be present in very limited quan-
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tities; and it is into these special limited environments that organisms are

often forced by extreme competition which they have to meet. Oxygen

and nitrogen appear to be the main constituents of the earth's atmos-

phere, and it would appear that no others are present in enough quantity

to deserve consideration. However, carbon dioxide is very important,

for all animals must rid themselves of it; and it is possible that this gas

may poison them, even when there is plenty of oxygen present. The
vertical distribution of gases in the earth's atmosphere is such that other

factors than the lack of oxygen begin to operate before the oxygen has

been appreciably reduced. Referring to the discussion upon pressure,
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it will be noted that the highest point reached by sounding balloons is

about the point where oxygen begins to drop off appreciably. Further,

temperature approaches a constant value of — 55°C. before oxygen has

been reduced more than half its value. Consequently, it may be seen

that the immediate atmosphere of the earth is everywhere relatively

favorable for insect life.

Methods of Measuring the Gases of the Medium.—The methods of

measuring the quantity of various gases present in the atmosphere, and

the pressure of these various gases may be found in the literature of

physiology. Carbon dioxide is normally measured by the use of barium

hydroxide as an indicator, and by taking the formation of barium carbon-

ate, which is of milky color, as an index of the presence of carbon dioxide.

Various devices have been constructed for measuring carbon dioxide

and are described by Thunberg (1905), Lund (1919), Krogh (1919),

Fink (1925), and others. The technique of obtaining a fair sample of

the gas to be analyzed is important, and must be adjusted to the problem

which is in hand.
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GASES AS FACTORS IN THE ECOLOGY OF ANIMALS

Effects of Gases on Physical and Chemical Processes.—Oxidation

is probably one of the most fundamental phenomena of biotic systems.

It is naturally affected by the oxygen. If oxygen is absent, oxidation

cannot go on. It may happen that some other gas is present which may
combine with the oxygen, and therefore make the oxygen unavailable

for a certain reaction, which is the object of investigation. Therefore,

in the study of gases we come very close in our biological work to the

purely chemical reactions of oxidation, which may occur in any physical

system.

The Effects of Gases in the Ecology of Insects on Rates of Biological

Processes.—The general requirement of oxygen for respiration is so well

established that it will be considered only for the purpose of showing

that it is another example of a physical factor which may be present in

a minimum amount, which will produce normal activities, or in a maxi-

mum amount, which may cause death. Even the greatest necessity of

life may be so abundant that it becomes toxic, or so scarce as to be a

limiting factor in life. Insects, in general, have adjusted themselves to

take advantage of practically every environmental niche which may be

inhabited, and they have shown very ingenious adaptation to take

advantage of special environments so far as the gaseous constituents of

the media are concerned.

Dendy (1919) and Dendy and Elkington (1918) have shown that

granary weevils are very definitely limited by the oxygen supply. This

is in accordance with our general information. Lund (1921) showed

that the flatworm, Planaria, was definitely limited by about one-third of

the normal saturation of oxygen in water. The experiments of Back

and Cotton (1925) with a vacuum tend to indicate that the insects died

of oxygen starvation because of the fact that they were able to endure

low atmospheric pressure over such long periods of time.

Bodine (1928) has shown that it is possible for insects to endure a

paucity of oxygen for a period of time during which a debt of oxygen is

built up in the body; but this debt is quickly made up when they return

to a normal oxygen. Such conditions can be endured only as emergen-

cies, however, and a long period would end in death. The experiments

of Cleveland (1925) have given a much clearer conception of the ranges

within which insects are able to endure changes in oxygen pressure.

He found that it was possible to kill the protozoan symbionts in the diges-

tive tracts of certain insects by raising the oxygen pressure. He found

that high oxygen pressure was over 67 times as toxic for the protozoa

as for the hosts. It seemed in this case that it was the oxygen pressure

which was operating, for he found that the effect of five atmospheres of

ordinary air was the same as the effect of one atmosphere of pure oxygen,

which means that in either case the same pressure of oxygen was experi-
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enced. The accompanying table shows some interesting relationships

to oxygen pressure on symbionts and hosts. It will be noticed that the

cockroach was able to endure three and one-half atmospheres of oxygen

for twice as long as Termopsis, and many times as long as any of the

internal symbionts. This seems to indicate that the oxygen tension

in the digestive tracts where these parasites normally live must be rela-

tively constant, since the symbionts themselves are so susceptible to

oxygen change.
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Cole (1921) experimented with chironomid larvae which were found

in the bottom of Lake Mendota, Wisconsin, where the oxygen content

of the water for several months of each year is so low that no free oxygen

can be detected. The interesting problem as to how the fauna which

lives in this environment is able to obtain its oxygen has not been satis-

factorily solved. Cole found evidence that some oxidizing material

was present, and that this presumably was atomic oxygen; and it was
his conclusion that this atomic oxygen must be taken advantage of by
the insects living there. Insects, in general, seem to have solved very

successfully the problem of making the atmosphere accessible to their

tissues.

Lee (1929) gives a good summary of the information on the respiratory

mechanism of insects. It seems to be rather generally accepted at the

lZ^
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present time that part of the spiracles serve for the inspiratory movement
of the air, and another portion of the spiracles for the expiratory move-

ment of air. It seems rather clear, therefore, that the carbon dioxide

is forced out of the body and then atmospheric air drawn in. If this

is true, the reasoning of Portier (1928) might be used for concluding that

the insects would usually have a higher oxygen-tension difference between

their tissues and the surrounding air than would other animals; for the

air would not be mixed with the carbon dioxide, but would come in as

free atmospheric air almost directly in contact with the tissues themselves.

The discussion thus far has dealt very largely with oxygen, but the

importance of carbon dioxide must not be overlooked. Haldane (1917)

says that there may be plenty of oxygen present, but carbon dioxide may
exert its toxic effect nevertheless.

Dendy (1919) showed that while it might be partly lack of oxygen

that interfered with the metabolism of insects in air-tight spaces, it

was very largely the accumulation of carbon dioxide. The respiratory

problems of various special environments involve not only oxygen and

carbon dioxide, but even nitrogen. In the case of the respiration of

aquatic insects, which will be further considered in connection with

synecology, Ege (1915) and others have shown that the bubble of air

which is carried below the surface of the water by the insect acts as a

mechanism for obtaining oxygen from the water. Since this bubble

ordinarily contains four-fifths of its volume in nitrogen, and only one-fifth

oxygen, the nitrogen becomes the important factor. As the insect begins

to consume the oxygen, the carbon dioxide which is given off diffuses

into the water so rapidly that Ege did not take it into account. As
oxygen consumption proceeds, the oxygen pressure in the bubble is

decreased, and the nitrogen pressure is relatively increased. If we assume

that the bubble was in equilibrium with the gas in the water at the start,

this change of pressure will lead to a diffusion of oxygen into the bubble

and of nitrogen out of the bubble. Since the bubble will continue to

exist and act as an air supply until both gases are entirely gone, it is

important to know their relative rates of diffusion. Ege compared the

rates by the use of a formula and concluded that the oxygen diffused

into the bubble over three times as rapidly as the nitrogen passed out.

Consequently, the amount of oxygen which would be available from the

bubble mechanism would be about 13 times the amount that the bubble

originally contained. This applies, of course, to adult insects, which

carry bubbles of air below the surface of the water. Nearly all aquatic

insect larvae, especially those of the Diptera, respire by means of surface

respiration and tend to keep the gases in solution in their bodies in equi-

librium with those which are in solution in the water.

There are many problems of respiration in special environments of

the soil, decaying animal bodies and plant material, which are of special

interest to the ecologist, and which require special investigation.
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Effects of Gases on the Morphology of Animals.—Here, as in other

cases, it is necessary to discriminate between established relationships

and assumptions based upon general observations. Purely physiological

considerations of conditions which are not known to exist in nature may
also be omitted.

Gerould (1924) called attention to the effect of oxygen and tempera-

ture in the formation of melanin in the wings of Colias. In some experi-

ments he tried shutting off the oxygen supply in certain areas of the wings

which developed melanin. He found, however, that his method did

not inhibit the formation of the melanin. His general conclusion is

that melanin is formed when metabolism is slowed down, whatever the

cause of the slowing may be. It is nevertheless true, however, that

oxygen is required for the reaction, as he pointed out.

We might conclude that where oxygen is required for the reaction in

pigment formation, its absence from the environment would affect color.

Further experimentation is required before we shall be able to draw
definite conclusions.

Effects of Gases on the Distribution of Animals.—It has already

been pointed out that over the various areas of the earth there is very

little change in the constitution of the atmosphere. Therefore, we would
not expect that the geographic distribution of animals would be greatly

affected by the gases of the atmosphere. However, certain local dis-

tributions may be very profoundly affected. This is shown to be true

in the case of fresh-water lakes and the case of the organisms living in the

bottom where oxygen is low or absent, as has already been referred to.

It may also be an important factor in the distribution of animals in

the soil, as will be taken up under the subject of Synecology. It would

seem in general that the distribution of gases and respiration was largely

a physiological problem, rather than an ecological one.
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NEUTRALITY OF THE MEDIA

The neutrality of various media explored from the point of view

of hydrogen-ion concentration serves as one of the best examples of

a rush of scientific workers into a new field. In 1920 Clark published
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his first edition on the measurement of hydrogen-ion concentration.

In eight years this has been followed by a series of reprints and new
editions, until at present we have a volume which is more than twice

the size of the original edition. In the introduction to the last edition

Clark (1928) called attention to the fact that the number of papers

occurring on hydrogen-ion concentration up to 1918 hardly reached the

point of 100 per year. In 1927, almost 1,500 papers on this subject were

published.

Several factors apparently have contributed to the great popularity

of this field. The physiological importance of dissociated ions has been

clearly demonstrated. A convenient method of measuring and expressing

concentration is available. And last but not least, it has opened up a

field in which new facts can be obtained very quickly with very little

effort, and there is a great possibility of significance being attached to

them. It would be extremely presumptuous in a volume of this nature,

with one chapter devoted to the neutrality of the media, to attempt to

give such a presentation that the uninitiated might have a clear apprecia-

tion of hydrogen-ion concentration, together with a proper conception

of its fundamental importance, and in addition to give a summary of

examples of the results of the vast amount of investigation. The
student is referred to Clark (1928) and to the general textbooks on

physiology to form his conception of the importance of hydrogen-ion

concentration.

It may be worthwhile to give a brief discussion of the fundamental

factors involved in the equilibrium between acids and bases in various

systems. Pure, distilled water is often taken as an example of a neutral

solution. This contains both hydrogen and hydroxyl ions in accordance

with the following formula: HOH = H+ + OH-
. This means that

dissociated ions of hydrogen carrying a positive charge may be found

free in the water, and that hydroxyl ions carrying a negative charge may
also be found. In the case of distilled water, we have a neutral condition,

and the system is in equilibrium. This is formally expressed with this

equation, —ttTyFt— = K, in which the dissociated ions are indicated in

the numerator, and the undissociated residue in the denominator. As
a matter of fact, in the case of distilled water there are so few dissociated

ions that the denominator of this fraction may be disregarded for practical

purposes. In the case of acid solutions the " strength" of the acid is

due to the dissociated ions, which act as electrolytes. Consequently,

two acids present in the same per cent of normal solution may have

different " strengths" since there are more dissociated ions in the stronger

of the two acids. Hydrochloric acid, for instance, is about 90 per cent

dissociated in one-tenth of one per cent normal solution. Acetic acid is

L^_S
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about 1.3 per cent dissociated in a tenth normal solution. Consequently,

we speak of hydrochloric acid as being much " stronger" than acetic

acid.

What has been said of acid solutions might also be said of alkaline

solutions. In the case of acid solutions, we were speaking of the hydro-

gen ions; and in the case of alkaline solutions, of hydroxyl ions. Con-
sequently, the acidity, the alkalinity, and the neutrality of a medium
will depend upon the balance of the dissociated hydrogen and hydroxyl

ions.

Methods of Measuring the Concentration of Ions for Ecological Work.
Much of the progress which has been made in biological studies on the

effect of neutrality, acidity, and alkalinity has been due to the introduc-

tion of new methods of measurement and quite largely to new methods

of expression. These new methods have at the same time advantages

and disadvantages. The introduction of a simple system of expression

has allowed biologists to neglect and even forget the fundamental con-

ceptions upon which the expression is based.

An acid solution may be described in terms of its normality with

respect to total acids or with respect to the hydrogen ions. A normal

solution of acid is one which contains 1.008 g. of acidic hydrogen in a

liter of solution. And a normal solution of hydrogen ions is one contain-

ing 1.008 g. of hydrogen ions per liter of solution. These two expressions

of normality lead to confusion. Clark (1928) has suggested that we speak

of a normal acid solution in the older sense as the " quantity" factor of

acidity, and of the hydrogen-ions' normality as the " intensity" factor.

It is with the activity of these hydrogen ions that we are concerned at

the present time, and attention will now be turned to the expression of

the concentration of these hydrogen ions.

Because of the necessity for expressing extremely small fractions of

the normal value, the expression of the concentration of hydrogen ions

becomes cumbersome, especially to biologists who are not accustomed to

thinking in terms of mathematics. Sorensen greatly simplified the

notation by adopting a system which is now known as the pH value. At

the same time that the notation was simplified by this system of values,

the conception of the quantity of hydrogen ions present was greatly

complicated. Sorensen's expression was "the logarithm of the reciprocal

of the concentration of the hydrogen ions expressed in grams per liter,"

and may be given formal expression as pH = logio vfr^y or pH =

-logio H, so that H may be written [H+] = 10-pH Here the -pH
appears as an exponent, and the term pH literally means the power of

hydrogen-ion concentration. In interpreting the pH scale, it is important

to keep in mind the fact that the exponent expressing the concentration

of hydrogen ions has a negative value, e.g., hydrogen-ion concentration
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equaling IO-7 normal is expressed by the pll scale as 7. The accompany-

ing table shows the relationship between these values for hydro-

gen-ion concentration, the pH scale and the hydroxyl-ion concentration.

The scale of hydrogen-ion concentration or pH goes from one to one one-

hundredth trillion normal, whereas the pH scale goes from 1 to 14. There

is an enormous advantage in this simplified scale, but a complication in

understanding what pH actually means. The fact should be further

emphasized that a pH value is an actual value derived from the concentra-

tion of hydrogen ions in grams per liter.

Relationship between Values for H-ion Concentration, and the H-ion Scale

pH Log of H Log of OH
1 10" 1 0.1 0.0000000000001 10~ 13

2 lO- 2 0.01 0.000000000001 10-12

3 10- 3 0.001 0.00000000001 10" 11

4 10- 4 0.0001 0.0000000001 IO" 10

5 10~ 5 0.00001 0.000000001 10- 9

6 10" 6 0.000001 0.00000001 10~ 8

7 10- 7 0.0000001 0.0000001 10- 7

8 IO" 8 0.00000001 0.000001 io- 6

9 10~ 9 0.000000001 0.00001 10~ 5

10 10-io 0.0000000001 0.0001 IO" 4

11 io-u 0.00000000001 0.001 10" 3

12 10-12 0.000000000001 0.01 10~ 2

13 io- 13 0.0000000000001 0.1 io- 1

14 10-14 0.00000000000001 1.0 10~°

There is an interesting buffer action of weak acids and their alkali

salts, which tends to resist changes in the concentration of ions about

the neutral point. When an alkaline solution is added to an acid solution

to neutralize it, the ions which were originally undissociated tend to

become ionized to maintain the original condition. Thus a solution which

is near the neutral point tends to resist any change by dissociating ions

to maintain its original ratio of hydrogen and hydroxyl ions. This

process is very important in protecting organisms against sudden changes

in hydrogen-ion concentration. Henderson (1913) has stressed this point

as illustrating how environments tend to adjust themselves to present

the conditions most desirable for organisms.

For methods of determining the hydrogen-ion concentration of solu-

tions the student is referred to Clark (1928). There are a number of

outfits for field work which use both the colorimetric and electrometric

methods of determination. These make it possible to take field readings

with very little apparatus and in a short period of time.

Neutrality of the Medium as a Factor in the Ecology of Animals.—
The neutrality of the medium is of particular importance in the ecology

of aquatic and soil-inhabiting animals. For this reason its significance

will be taken up under the chapters on Synecology, which discuss
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the various environments in which it is concerned. At the present

time, attention will be called only to its general ecological impor-

tance. Inasmuch as neutrality itself is a condition of equilibrium

between the dissociated hydrogen and hydroxyl ions, the conclu-

sion follows that it may be influenced by many of the environmental

conditions. Consequently, the hydrogen-ion concentration of a given

environment may be looked upon as a sort of a " symptom" rather than

a " cause" of any particular condition in the environment. It is very

difficult to evaluate any relationship between pH and the environmental

conditions. Therefore, it is necessary to look upon the pH value as a sort

of algebraic sum of the general condition of the environment rather than

as a definite measure of some causal factor.

Effect of Hydrogen-ion Concentration on Physical Processes.—Much
of the importance of the hydrogen and hydroxyl ions may be due to their

ability to carry electrical charges. The recent literature seems to indicate

that many physical phenomena are influenced by these electrical charges,

and that very small changes in hydrogen-ion concentration may result

in very significant changes in the physical properties of substances, all

of which may enter into the functioning of the animal mechanism. The
quadrivalent thorium ion is said to be capable of reducing the surface

charge of quartz by 50 per cent when it is present in the concentration of

only one gram ion in a thousand million grams of water. It is such

surprising results as these that have led the great number of investigators

to turn to the hydrogen ion as the cause of all sorts of natural phenomena.

The index of Clark's most recent edition will lead to a great deal of infor-

mation on these phenomena.

General Effects of the Concentration of Hydrogen Ions upon Animals.—
The sensitiveness of the animal mechanism to changes in the concentra-

tion of hydrogen ions is becoming a classic example of the importance

of physical factors in animal physiology. It is stated that an addition of

0.00004 per cent solution of hydrochloric acid in the circulating blood of

a frog is sufficient to kill the heart. The respiratory center and other

tissues are apparently just as susceptible to changes in hydrogen-ion

concentration. The permeability of membranes is very markedly

affected also by changes in hydrogen-ion concentration. The modern

textbooks of physiology are filled with examples, and almost daily new

papers are coming into print showing additional effects of changes of

hydrogen-ion concentration.

Considering the hydrogen-ion concentration as a physical factor of an

environment, it may be compared with the other physical factors which,

in general, have some optimum concentration for the existence of animals

with a pessimum lying at either side. With all the study which has been

devoted to pH in recent years, there are still few authentic cases in which

the optimum hydrogen-ion concentration has been definitely demon-
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strated and where the curves dropping off to the pessimum on either side

have been critically marked out. It seems probable that in some organ-

isms such zones of optimum and pessimum may be demonstrated, while

other organisms may possibly be able to tolerate great extremes of hydro-

gen-ion concentration because of either a buffering action of the organism

or a great resistance to actual change of hydrogen-ion concentration.

Arrhenius (1921) found that the optimum pH for the survival of

earthworms in potted soil was a pH of 7. Above and below this point,

the worms died in a shorter period of time. Saunders (1924) found that

protozoan, Spirostomum ambiguum, was most active at the pH of 7.4,

but died at a pH of 8. It had its activity greatly reduced by a pH of 6,

though it was not killed at more acid conditions. Saunders believes that

the difficulty of keeping a culture of Spirostomum in the laboratory has

been due mainly to the inability to maintain an aquarium at the required

pH rather than to the low oxygen content of the water, as has been

previously supposed. Senior-White (1926) states that the neutral waters

of Ceylon range from pH 5.4 to 9.2, but that the mosquito larvae, in

general, range only from pH 5.8 to 8.6.

It is doubtless true that many other insects have a limiting range of

hydrogen-ion concentration. Stickney (1922), however, in experimenting

with the dragonfly, Libellula pulchella, found that it was indifferent to

acidity even to a pH of 1, and lived apparently unharmed in various pH
values.

Philip (1927) transferred insects from one part of a lake to another

which involved a considerable change of hydrogen-ion value without

any noticeable effect whatever. It is probably true in many of these

cases that the organisms are capable of buffering the environment and

thereby preventing their coming into direct contact with these great

changes. We seem to have little dependable evidence of the effect of

hydrogen-ion concentration on the rate of the metabolism and develop-

ment of insects., or upon the form and structure of any of them.

Effects of the Concentration of Ions on the Behavior of Animals.—
Shelford and Powers (1915), Wells (1915), Shelford (1918), and others

have investigated the reaction of fishes in gradient tanks where various

pH concentrations were maintained. It is stated that fish, in general,

have a rather definite reaction in choosing an optimum pH, and that, in

the Puget Sound region, herrings were found but once in the water above

7.9. They were never found in water below 7.71, and the greatest num-
ber were found at pH 7.76 and 7.73. Other species were found to have

other optimum pH values varying between 7.98 and 8.08. However,

Behre in 1925 stated that in an investigation of Pacific Slope waters, he

found them to vary between pH 6.8 and 8.4, and that fish were found to be

independent of a considerable variation in pH. All fish which were found

in the water of pH 7, were also found in that of pH 8.4. This seems to
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mean that the pH readings taken, are a measure of certain conditions

existing in the environments

which affect the equilibrium

of ions, and that the organ-

isms themselves are capable

of buffering their environ-

mental media. Conse-
quently, it would seem that

little significance could be

attached to these references

in literature to the effect of

hydrogen - ion concentration

on the distribution of organ-

isms. Shelford (1925) called

attention to the difference

in hydrogen -ion -concentra-

tion readings obtained in

various lakes in the western

part of the United States.

seems to indicate that a series

11

M
Time

Fig. 54.—Diurnal fluctuations in pH values in

Crystal Lake waters during an onshore wind.
Station III in shallow water. Station VI at the
"drop off." {Philip, 1927.)

However, Philip's experience

of readings with as great a

variation of pH as Shelford

found over the western United

States could be found in a

single lake even within a

single day. This will be re-

ferred to later in the subject

matter of Synecology.

Hall (1925) presented an

interesting example of the

combined effect of neutrality

and oxygen. Her data, as

presented in Fig. 55, furnish

another interesting illustra-

tion of the combined effects

of two factors varying under

experimental conditions.
The lines are drawn to rep-

resent equal times for the

development of the short-fin

rays of the whitefish. The
pH values in the experiment

(1927)

Oxygen in cc per Liter

Fig. 55.—Showing equal lines on an oxygen-

hydrogen-ion chart. The broken line passes

approximately through combinations of oxygen and
hydrogen-ion concentration in which the embryos
developed a flat tail in ten days, beginning four

days after spawning. The solid lines pass through

combinations of oxygen and hydrogen-ion concen-

tration in which the embryos developed short fine

rays in 17 and 19 days respectively. The general

trend of these lines suggests that development may
be expected to be more rapid at about 3.4 cc. of

oxygen and pH 7.6 to 7.7 where the large cross is

placed. This cross is in the center of the ellipsp.

The center of the ellipse suggested by the flat-tail

curve would fall at a higher hydrogen-ion concen-

tration. {Hall, 1925.)

were controlled by C0 2 con-

centration. The approximate position of optimum condition for short-fin
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development is indicated by the large "X" on the diagram. This seems

to indicate that the changes of pH within the range shown had a greater

effect on the rate of development than did the range of oxygen used in the

experiment. However, it is not possible to draw a general conclusion from

so few observations. We then conclude that the study of the hydrogen-

ion concentration of various environments will furnish interesting sup-

porting evidence in any complete ecological study, but that at the

present time we do not have before us evidence to show that hydrogen-

ion concentration is a predominant factor in the ecology of animals.
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CHAPTER VII

NUTRITION

It cannot be said that nutrition is a purely physical factor of ecology

for the reason that no animal, so far as we are able to discern, is able

to live upon a diet which does not contain some compounds which have

been synthesized by another organism. We have therefore arrived

at the point where physical autecology and biotic autecology are merged,

and it is an arbitrary matter as to whether this chapter is to be included

under physical autecology or biotic autecology. All animals are depend-

ent upon at least one other organism for the preparation of their food.

In fact, there has not yet been demonstrated a case in which an animal

may be reared in the laboratory on a purely synthetic diet in the sense

that every compound involved has been synthesized, independent

of the existence of any other organism. There is probably no better

example in all nature of the interdependence of organisms than that

of nutrition itself.

Nutrition is a broad subject when considered in the present sense.

It may be conceived of as including all organic and inorganic chemical

compounds which an animal takes into its body from the environment.

It includes all materials which go into the upbuilding and maintenance of

the animal mechanism and is the direct source of all the energy which is

used in its metabolism. From the viewpoint of biochemistry and phys-

iology, it constitutes a great new field of biological science in which

enormous progress has been made in the last few years. Its subject

matter could not be adequately presented in a smaller space than a large

volume. It is not possible in these pages to more than call attention to

some of the important literature and to try to point out the ecological

significance of the general nutritional relationships of animals.

Method of Measuring Nutrition.—The nutritional value of foods was
measured in terms of calories but a short time ago. This gave a physical

measurement quite comparable to those in use in connection with all the

physical factors of the environment which have just been considered.

Within the past few years attention has been called to certain food acces-

sories: vitamines. These are measured only by biological tests. That
is, it is necessary to feed the material to animals and note its effect upon
the rate of growth, the condition of maintenance, reproduction, and gen-

eral metabolism of the animal. These measures are all biotic rather than

physical and are more or less relative in our present state of knowledge.

155
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This may be considered another reason why it might be more logical to

include the factor of nutrition under biotic autecology, because its meas-

urements are all essentially biotic.

Method of Controlling the Nutritive Value of Food.—There are two

methods which are generally used in experimental work on nutrition.

One is to build up a synthetic food by putting together certain materials,

supposedly of known composition. These combinations may be changed,

and the corresponding changes in the rates of growth of the organisms

noted. This method is well illustrated by the work of Sweetman and

Palmer (1928). If it is possible in such work to use pure chemicals, the

food requirements may be rather completely analyzed. However, it is

usually possible to get no further than the use of some general plant or

animal product, the composition of which may not be completely known.

The second method is to start with the normal food of the animal to

be studied, and extract certain substances from the food and note the

consequences. The difficulty with this method when used alone, is the

ability to extract only the one material desired and leave all the others

unchanged. Obviously, it is most desirable to combine the two methods

of study whenever possible. Examples of the use of these methods are

shown in the text in the description of various features of research.

NUTRITION AS A FACTOR IN ANIMAL ECOLOGY

There is probably no other subject under which it will be more neces-

sary to restrict ourselves to the significance with respect to insects as

compared with other animals than in the case of nutrition. The general

nutritional relationships of animals are so complex, so far reaching, that

we must refer to other animals only to get the proper perspectives in our

consideration of the insects. In general, the literature before us is

purely descriptive, tending to be mere descriptive natural history and

quite neglectful of the physiological relationship.

Uvarov (1928), in his excellent consideration of insect nutrition and

metabolism, says:

The first glance at the summary, and particularly at the voluminous bibli-

ography, including nearly 600 titles may give the impression that a very large

amount of work has been done on the problem of insect nutrition and metabolism,

but when all the data available on these particular subjects are put together, it

becomes clear that very few points have been touched and the results achieved

are but a drop compared with the ocean of unknown phenomena.

In general, literature tells us upon what plants or in what media insects

may be found, with the assumption that these plants and media constitute

the food, and very little is said of what actually is used by the insect for

food.

The Source of Energy in Physical and Chemical Processes.—In the

routine treatment of each physical factor of the environment, it has
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seemed well to call attention first to the action of the factor under con-

sideration upon the physical processes, before taking up its effect upon the

animal mechanism. In the case of nutrition, it would have been easier

to make this comparison a few years ago when the energy balance had

been worked out upon the basis of oxidation, and each animal was

described as requiring a certain number of calories per unit weight of its

body. In our present information about vitamines and hormones, the

subject of nutrition looks more complicated than ever before. We
realize that more than proteins, carbohydrates, and fats must be available

in order to have a normal functioning of the animal mechanism. If

we are to make the classical comparison between an organism and a

machine, we must consider the general food, as we usually speak of it,

as the fuel for oxidation; while the vitamines and other substances which

must be present in small quantities will be comparable to the proper

lubrication of the machine to keep it in running order. It is quite possible

that, as we obtain new facts and get our information better correlated,

the general subject will appear more simple. In the case of insects, we
are probably less able to make generalizations than in the case of birds

and mammals which have been the object of most of the nutritional

research.

The Effect of Nutrition on Biological Processes.—Before proceeding

with the ecological consideration of our information about the nutrition

of insects, it will be well to get a perspective of the entire field of nutrition

by considering the broader groups of organisms in their nutritional

relationships. We may distinguish, in general, three great groups of

organisms. We have, first of all, the photosynthetic forms which have

sometimes been called " autotrophic." These are the green plants which

can build up the complicated proteins, polysaccharides, and fats of their

tissues from nitrates, phosphates, and sulphates from carbon dioxide and

water, with the energy of sunlight. This photosynthetic power is of the

greatest importance to the entire organic world ; for it is by means of this

process that the energy of sunlight is captured and passed on to all living

organisms. We cannot conceive of the existence of the organic world,

as we know it, without this one great step in nutrition.

There is a second group which is composed of microorganisms which

cannot form sugar or starch from carbon dioxide, sunlight, and water,

and these organisms, consequently, must be offered more complicated

compounds for the synthesis of their carbohydrates. But these forms

have the ability to form their proteins from an ammonium salt or a single

amino acid. Certain of these microorganisms can even capture the nitro-

gen of the air and combine it in such a way that it can be made use of by
higher organisms. This is a very important function, for available nitro-

gen constitutes one of the great limiting factors of all organisms. Even
the autotrophic organisms must get their nitrogen in the form of nitrates.
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The animals, in general, are typical of the third group. They must
have their carbohydrates in the form of sugar or starch, and their nitrogen

in the form of one or more proteins. These requirements stand in striking

contrast to those of the photosynthetic or autotrophic organisms which

are capable of capturing the energy of sunlight and combining it with

carbon dioxide and water of the atmosphere; and to the second group of

microorganisms which is capable of taking the nitrogen from the earth's

atmosphere, and so combining it that it can form the basis for all of the

protein of the living organic world. The animals, or zootrophic forms,

therefore, stand considerably removed from the raw natural resources,

so far as their nutrition is concerned. When we add to these require-

ments the list of all the vitamines required for the normal functioning

of the animal mechanism, it seems even more restricted as to its nutri-

tional requirements. There are at least five vitamines which are con-

servatively accepted as having been demonstrated. Some of these are

so complicated that it is proposed to divide them into several factors,

and there are many others that have been proposed which are not accepted

by the more conservative nutritional physiologists.

We have in general the Vitamine A which is fat soluble; it is found

in cod-liver oil, butter, eggs, green vegetables, and fruit. Its absence

produces xerophthalmia and widespread weakening of the body. The
Vitamine B which is water soluble is found in whole grains, and its absence

causes the disease known as beriberi. Vitamine C is found in fresh fruits

and vegetables, and its absence produces in mammals the disease known
as scurvy. Vitamine D which is found in cod-liver oil as the richest

source seems to be affected by the presence of sunlight. The absence

of Vitamine D causes rickets and interferes with the calcium phosphorus

metabolism at least in the case of vertebrates. Vitamine E is the only

one which seems to be fairly abundant in the tissues of animals, and its

absence causes sterility.

Our general perspective of the nutritional requirements of insects

will be considered further in the general cycle of nutritional substances

in nature. The nitrogen cycle has become a classical example of the

history of an element in the organic system. Baumberger in 1919 modi-

fied Bayliss' diagram of the cycle of nitrogen. The dots and dashes

represent the portions of the diagram which have been put in by Baum-
berger as the result of his investigation of the nutritional requirements

of insects. This is one of the best examples of the interdependence of

animals. Physiological investigations of nutrition are continually bring-

ing new light upon the various processes involved, and raising new ques-

tions as to the limitations of the various forms that appear in the nitrogen

cycle. The general scheme of things remains, however, about the same.

There may be some question as to the actual restrictions of animals in

capturing free nitrogen from the air; but it is, in general, true that the
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number of organisms which can do this is very greatly limited, and that

the entire kingdom of nature looks to relatively few for fixing all the nitro-

gen. Plant protein is, in general, the supply of animal protein, and

animal wastes form a large portion of the source of ammonia which is

acted upon by bacteria to be reduced to nitrates, and then to return

again to plant protein. Baumberger has shown that the insects with the

symbiotic relationship of fungi are able to short-circuit part of this great

cycle. Plant and animal residue may be used more or less directly by
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Fig. 56.—Diagram of the nitrogen cycle from the atmosphere through plants and animals.

Modified from Bayliss by Baumberger to illustrate the relationship of insects to fungi.

the fungi; and the fungi, by the insect. This, however, does not make
any fundamental change in the great nitrogen cycle in nature.

The carbohydrate cycle is no less fundamental than the nitrogen

cycle. It is in the course of this cycle that the carbon dioxide of the

atmosphere is made use of by plants, which are eaten by animals and

carbon dioxide is eliminated by the animals to be returned again to circu-

lation. The insects share the limitations of all animals in respect to these

great cycles of nutritive materials in accordance with the laws of nature.

For practical purposes, however, many of the insects have developed a

system of exempting themselves from the direct action of some of these

most stringent restrictions. They have made themselves ecologically

independent of some of the physiological restrictions, by associating

themselves with microorganisms, in such a way that their symbionts

will make up for their own short-comings in the cycles of nitrogen and

carbon dioxide. It is this ecological exemption which has led to a great

deal of confusion in the description of food habits of insects. There is
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hardly an organic substance in which insects have not been described as

living. They have been able to invade environments of almost pure

cellulose where available nitrogen and carbohydrates are not ordinarily

considered to be present. They have been able to support themselves in

soil and water, and in all the residues of plants and animals. The most

recent investigation seems to indicate that they do most of this through

their association with symbiotic microorganisms. In some cases, this

symbiotic specialization has gone on to such a point that the insects are

no longer capable of an independent existence. They become an insepa-

rable part of an ecological unit just as cells in the animal organism have

become an inseparable part of the organism. The individual cells may
be cultured separately with the greatest care, but in nature they must

live in the organism. So these insects may, when proper precautions

are taken, be cultured separately from their symbionts, but so far as

nature is concerned, they must always exist with them.

In considering the nutritional requirements of the insects for the

maintenance of their metabolism, there may be some advantage in

dividing them into groups which are classically used in literature. At

the same time it must be recognized that the groups may not necessarily

be valid groups, as they are based upon general observations as to what

seemed to be the food requirement of the insects. When properly ana-

lyzed, these groups may be shown to be false, but they can at least form

the basis for our discussion. Handlirsch (1926) indicated 29 categories

of food habits of insects:

Food Habits of Insects

(English equivalent of Handlirsch 's list)

1. No food. (Atrophic.)

2. A very special food. (Monophagous.)

3. Several kinds. (Heterophagous.)

4. Great variety—practically everything. (Pantophagous, omnivorous.)

5. Substance of animal source. (Zoophagous.)

6. Entire animals, especially meat. (Carnivorous.)

7. Prey, either killed or still living. (Predatory.)

8. Dead animals (Zoonekrophagous.)

9. Decaying animals. (Zoosaprophagous.)

10. Sucking blood, which as a rule does not kill the animal. (Haematophagous.)

11. Animal excrements. (Koprophagous.)

12. Liquid secretions, such as spittle, honeydew, etc. (Zoosuccivorous.)

13. Other animal waste, parts of integuments; scales, hair, feathers, wax, silk, etc.

(Detritivorous.)

14. On or in a living animal, or its body substances without killing immediately

or in fact not killing at all, and staying on or in the host continually, a life time, or at

least a long time in one stage. (Ecto- and Endo-parasitic.)

15. Eating each other. (Cannibalistic.)

16. Substance of plant origin. (Phytophagous.)

17. Living plant parts. (Herbivorous.)
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18. Algae- (Algophagous.)

19. Lichen. (Lichenophagous.)

20. Fungus. (Mycetophagous.)

21. Woody plant parts. (Xylophagous.)

22. Fruits and seeds. (Carpophagous.)

23. Pollen. (Pollenophagous.)

24. Honey. (Melliphagous.)

25. Other plant saps. (Phyto-succivorous.)

26. Dead plant substances. (Nekrophytophagous.)

27. Decaying plants. (Saprophytophagous.)

28. In galls. (Gallivorous.)

29. Soil. (Geophagous.)

For the sake of the present discussion, we will recognize the phy-

tophagous forms, or plant feeders; saprophagous, or those feeding upon

decaying or fermenting organic substances; harpactophagous, or preda-

tory, forms which might also be called carnivorous insects. We might

also recognize parasitic forms. These would be distinguished from the

predatory in that they inhabit but one host during their life cycle.

However, this distinction seems to be of relatively little importance for

our present consideration. These categories may be readily harmonized

with the physiology of nutrition as may be seen by noting the position

they would occupy upon the nitrogen cycle. More of them are associated

with plants than with any other form of food as might be expected, for

this is the source of the basic food supply for all organisms.

Weiss (1926 and other papers) has made a study of the number of

species found, having the various food habits. This is a sort of a quali-

tative measure as we have no right to assume that the number of indi-

viduals is directly proportional to the number of species. However, he

found in general that about half the species were phytophagous ; about 25

per cent of them, saprophagous; about 15 per cent harpactophagous; and

about 10 per cent, parasitic. Table X gives the comparison of the

number of species in these various categories in different parts of America;

Table X. -Comparison of the Number of Species in These Various Categories
in Different Parts of America 1
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6,781 52 19 16 10
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and it is interesting to note how consistent were the results which Weiss
obtained. This seems to indicate that the further removed a species is

from the source of food supply, the smaller the number of species will

be. This is not consistent with the conclusion of Stunkard (1929), who
considered that there were more species of parasites than of all other

animals together. He arrived at this conclusion by considering that each

species of animal has one or more parasites.

Phytophagous forms vary greatly in their nutritional requirements

and may differ as to the choice of host, and the choice of the part of a

host. Some insects will eat the foliage of almost any plant, as Japanese

beetles, certain grasshoppers, and others do. There are others which are

restricted to one species of plant. They will not feed upon any other

species, nor can they develop if forced to feed upon another species.

There are still others which have a range of host plants but which when
started upon one species will not accept one of the alternate food species,

but must complete their development upon a species on which they

originally started. In some cases the selection of the host plant is made
by the female when she deposits her eggs upon the species on which the

larvae are to feed. In other cases the larvae make their own selection.

There is much of interest to be found in the study of the selection of food

plants. Brues (1924, and in other papers) has given consideration to this

subject. Craighead (1921) and others have concluded that when a

species has been reared for several generations on one of several alterna-

tive host plants, the progeny will tend to select the same host plant on

which they were reared. 1 There are several possibilities in this connec-

tion. It is entirely possible that there may be various strains of each

species, some strains feeding upon one host, and other strains feeding

upon other host plants. It is also possible that in any given species there

may be many heterozygous strains with all the possible combinations of

host-plant preferences. If this is the case, there may be a selective

action of the environment in eliminating all of the progeny which have a

tendency to choose other host plants than those upon which they hatch.

This would lead to the progeny which survive choosing again the same

host plant on which they were reared. Thorpe (1929) experimented with

the small ermine moth, Hyponomeuta padella L., which feeds on apple

and hawthorn. He concluded from biological, genetic, and morpho-

logical evidence that there are two or more biological races within a single

species. When the " hawthorn form " was placed on hawthorn and apple,

911 eggs were laid on hawthorn, and 237 on apple in three experiments.

When those of the " apple form" were given their choice, 367 eggs were

laid on hawthorn and buckthorn, and 3,395 on apple. Thorpe thinks

that it is possible that this is an example of an induced situation.

1 This is sometimes called the "host selection principle."
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Every organ of a plant may serve as an environment for an insect.

Some species are so closely restricted that they are present only in

galls upon flowers, as for instance the famous gall of the oak, which is

restricted in its environment not only to a certain species of oak but to

the stamens which are present during a few weeks of the year. The

physiological conditions represented by these various environments even

within a single plant differ greatly. Hering (1926) called attenton to

the fact that the nutritive value of the different parts of the leaf may
vary greatly. In the extensive work done upon the nutrition of silk-

worms, it has been shown that the nutrition of the leaves varies from one

time of day to another depending upon whether the contents are essen-

tially starchy or higher in proteins.

Portier (1905) found that the caterpillar, Nepticula, which lives on the

parenchyma tissue of rose leaves was surrounded by sterile conditions.

Baumberger (1919) investigated large numbers of cases of Prothertri

dispar and found all but a few pathological cases to be sterile. However,

the larvae of Nonagria typhae which lives in the trunk of the cat-tail,

Typha latifolia, lives in a symbiotic relationship with a micrococcus and a

fungus. It seems possible, therefore, that many supposedly phytopha-

gous forms feeding upon green plants are actually living in symbiosis with

microorganisms. It seems in general that those forms which live in

closed burrows in growing leaves live under sterile conditions ; while those

forms which live more or less exposed may be associated with micro-

organisms. Many questions may well be raised with regard to the nutri-

tion of foliage feeders.

Davidson (1923) has concluded that, in the case of the aphids, more

attention should be given to the nitrogen requirement. Most of the sap

which the aphids draw from the leaves consists of carbohydrates; but

he points out that the aphids excrete large quantities of honeydew or

carbohydrates. This is probably done during the time that they are

concentrating their nitrogen. The nutrient solutions to which the plants

have access, undoubtedly affect the organisms feeding upon the leaves.

Uvarov suggests that plants may be protected from aphids by the use of

acid fertilizers; also Miiller (1926) suggests that aluminum sulphate and

paraffin solution will keep aphids off the plants if it can be tolerated by the

plants, i.e., if it is not injurious. Or we may spray the leaves with

nutritive materials in much the same way as we now cover them with

poison to kill insects. This would seem to be a fertile field for

investigation.

Turning our attention next to the insects which live in the supporting

structures, we have the group which is referred to as xylophagous. These

insects live in the portion of the plant which is relatively high in carbo-

hydrates and low in protein. Haberlandt (1915) concluded that the

digestibility of wood was very low and that unless cellulose is changed or
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destroyed, it has little food value for animals. General observations lead

to the conclusion that most insects which live in wood are long-lived.

It would seem from this that it requires the ingestion of large quantities

of wood in order to accumulate enough protein and other essential

materials to complete development. Hubbard (1897), Neger (1908),

and many others have shown that most of the insects which apparently

feed only upon wood are, in fact, associated with fungi and other micro-

organisms. The most convincing and complete evidence we have upon
this subject is from Cleveland (1923 and 1928) who has studied the

symbionts in the intestine of the termites. He states that in some cases

half the weight of an adult termite may be due to the protozoan symbionts

without which it is unable to live.

It was experimentally demonstrated that when these termites were

deprived of their symbionts they could not live on their normal food of

cellulose. The symbionts were removed by three methods: by high

pressure of gases, by heat, and by starvation. In all cases the results

were the same. The six control animals which continued to feed on wood
lived normally; while those which were deprived of the protozoan sym-

biont were unable to live. He found further that all termites which fed

upon wood contained these protozoan symbionts. In certain species

there are casts which do not possess the symbionts ; and these are obliged

to feed upon the salivary secretions, or the excrements of the ones which

do have the symbionts in order to maintain themselves, even though

they continue to feed upon the wood. There seems to be no doubt,

after the studies made, both of the termites and their symbionts, that the

symbionts digest the cellulose and make it available for the termites.

It does not answer the question, however, with regard to how the nitrogen

is made available. Heitz (1927) studied a large series of wood-feeding

insects and demonstrated that there were symbionts present in all of

them, either bacterial or protozoan. In some cases, he found special

portions of the digestive tract which were filled with these symbiotic

microorganisms. Heitz has suggested that the symbiotic bacteria may
be able to fix atmospheric nitrogen, and thus solve the protein problem

for these cellulose-feeding insects.

The presence of these symbiotic forms extends further than those

merely feeding upon wood; for apparently large numbers of insects which

feed upon plant tissues which are low in nitrogen and difficult to digest,

have the microorganisms always with them. Escherich (1900) describes

the internal symbiont from the beetle, Anobium paniceum, & beetle which

has often been considered as exceptional in its ability to digest cellulose.

Ecologically, we may then regard the cellulose of wood as the environ-

mental medium upon which a fauna of microorganisms lives and main-

tains the insects which normally are associated with the wood. If we

were to define an individual organism as one which was capable of inde-
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pendent existence, we could hardly call some of these forms organisms at

all as they are incapable of living without their symbiotic forms. The
unit which is capable of maintaining itself consists of the insect with its

great fauna and flora, which it is obliged to have with it always.

The insects which live in the reproductive portion of the plant, which

is the seed, utilize a portion of the plant in which food materials are stored

for the development of the young plant embryo. They live in a medium
which is nutritious and which is ordinarily relatively free from micro-

organisms. Among this group of organisms we might expect to find
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insects which were unaided by symbiotic microorganisms. Portier (1919)

states that he has been able to rear Tenebrio under sterile conditions.

Chapman (1924) reared Tribolium confusum on various media and

concluded that microorganisms did not play an important role. It

was found that the slowest growth of the flour beetles took place

on flour made from polished rice which might be assumed to contain the

smallest amount of vitamine. When synthetic media were used, it was

found that the wheat embryo itself gave the greatest acceleration of

growth. Sweetman and Palmer (1928) made a critical study of the

vitamine requirements of the confused flour beetle, Tribolium confusum.

Synthetic media were made up which consisted of a basal ration: casein

28 per cent; salts, 4 per cent; fats, 10 per cent; and dextrine to bring it up

to 100. To this various other materials were added. Figure 57 shows
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the result, when (A) wheat embryo was added; (B) alcoholic extract

equivalent to the wheat embryo; (C) yeast; (D) alcoholic extract of

yeast. It is interesting to note the sensitivity of these organisms to the

addition of some materials. One-half of 1 per cent of wheat embryo,

added to the basal ration, shortened the time of development from 65

days on one-half of 1 per cent to 28 days on 1 per cent. When 33^
per cent had been added, the maximum shortening on the life

of larvae was found. Beyond this, up to 25 per cent, there is no change

whatever. It is also interesting to note that the larvae are just as sen-

sitive to the addition of the alcoholic extract to the wheat embryo; but

even when a maximum shortening of the larval period has been attained,

it is still longer than it is with the wheat embryo. This seems to indicate

that there is a difference between the Vitamine B content of the extract

and the wheat embryo itself.

The addition of yeast, likewise, gives a very abrupt shortening to the

life cycle ; but, again, the shortest life cycle with the yeast is longer than

that with the alcoholic extract of wheat embryo or the wheat embryo
itself. Still more striking is the effect of the alcoholic extract of the yeast.

The shortest life cycle with this is about 45 days as compared with less

than 20 days with the wheat embryo.

Other experiments with various parts of the wheat kernel and with

corn seem to indicate that the wheat embryo which is notable for its

content of the Vitamine B is necessary for the development of the insect;

and that when extracts of this, which are known to contain the Vitamine

B are added to a ration which is lacking in Vitamine B, the development

is greatly accelerated. This evidence seems to make it clear that these

insects require the Vitamine B. Apparently when it is present they can

develop normally in the absence of microorganisms.

The insects which live in fruits have not been studied extensively

from the standpoint of nutrition. However, Buchner (1928) has shown

that many of the flies which live in fruits carry microorganisms with them

;

and the presumption is that they may feed partly upon the fruit and

partly upon the microorganisms. The nectar of flowers is an attractive

food for a large number of insects. Its presence is explained teleologically

as an attraction for insects to insure the pollenation of the flowers.

The honey bee has received more attention from a nutritional standpoint

than any of the other insects depending upon nectar. The work of

Phillips (1927) and Bertholf (1927) indicates that the adult bees can

maintain themselves by the use of pure carbohydrate ; but for the rearing

of larvae, nitrogen is required which is obtained from the pollen. These

pollen grains are passed through the intestinal tract without any altera-

tion unless they are mechanically broken. This is done by the nurse bees

preparing the food for the larvae. Many of the butterflies are able to
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maintain themselves in the adult stage with only the carbohydrates

which they obtain from nectar. At least some adult butterflies never

feed at all, developing their eggs upon reserves of material which have

been stored up during the larval stage. We may thus conclude that

in the case of phytophagous insects, some of them are highly specialized

as they have types of enzymes which make it possible for them to use

certain highly specialized foods. Others associate themselves with

microorganisms and thereby make
it possible to exist on almost pure

cellulose.

We shall next turn our atten-

tion to saprophagous insects.

These are usually defined as those

feeding upon decaying and fer-

menting matter. It is evident at

the start, that these insects live in

media which may be teeming with

microorganisms. The evidence

before us at the present time

seems to indicate that in general

these insects feed eventually upon

microorganisms, and that the de-

caying material is the medium
upon which the microorganisms

live. The work of Guyenot (1913

to 1917), Delcourt and Guyenot (1910 and 1911), Portier (1911), and

others seems, to substantiate this. Baumberger in 1919 has given an

excellent summary of the work upon these insects and has performed

critical experiments with Drosophila. This shows that flesh flies, fruit

flies, and many others are unable to live on the sterilized medium.

It has ordinarily been considered that the banana is the normal food

of Drosophila. Baumberger, however, demonstrated that the larvae

would die after 28 days on sterile banana; while those fed upon yeast

completed their life cycles and pupated after five days (Fig. 58).

It was also demonstrated that if larvae were put on sterile banana for

a period of 20 to 25 days and at that time yeast was introduced, larvae

proceeded to develop in a perfectly normal way.

When media were made up consisting of various percentages of yeast,

it was found that the rate of growth was proportional to the percentage of

yeast (Fig 59). The greatest size was attained in a medium containing

24 per cent of yeast. As the percentage of yeast was reduced, the

ultimate size of the larvae was reduced; and the time required for them
to attain maturity was increased. Number 6 was reared on a medium

3

Age
4 5

in days

Fig. 58.—Larval growth of Drosophila on
dead yeast. W 3, 4, and 5 show rapid growth
on dead yeast; A shows slow growth on sterile

banana. (Baumberger, 1919.)
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containing yeast nucleoprotein, sugars, and salts. This seems to show
that the proteins of the yeast are adequate to support Drosophila.

Number 8 was reared on a concentrated extract of banana. This was
sterile and seems to indicate that concentrated banana may support

growth; but the period was about six times as long as on the yeast food.

A less concentrated extract of banana was unsuccessful in bringing

about pupation; as was also a 1 per cent yeast culture.

It seems that the action of the yeast may be at least partly quantita-

tive, for a concentrated extract of banana can support Drosophila. It

may, however, be at least in part qualitative through the synthesizing

of certain proteins; for the larvae grew more rapidly and to greater size

on a medium which contained the nucleoprotein than on the concentrated

banana.

Fig. 59.—Larval growth of Drosophila on various media: 1, 24 per cent yeast; 2, maxi-
mum 3 to 12 per cent yeast; 3, minimum 3 to 12 per cent yeast; 4, vinegar plant; 5, mush-
room; 6, yeast nucleoprotein, sugars, and salts; 7, 2 per cent yeast; 8, hot aqueous extract

of banana; 9, 1 per cent yeast; 10, cold aqueous extract of banana. (Baumberger, 1919.)

The larvae of Drosophila are able to live upon sterile dead yeast which

indicates that there is no requirement of living microorganisms. The
larvae of Cecidomyid flies living in decaying bark have also been shown

to require microorganisms for their food. We may conclude, therefore,

that our term, saprophagous, as applied to the insects which we think of

as feeding upon decaying plant matter, is misleading in that these actually

feed upon the microorganisms; and that the decaying material is merely

the stratum on which the fauna of microorganisms exists.

Turning our attention to those forms which feed upon decaying

animal matter, we find a situation quite similar to that with those feeding

upon decaying plant matter. Guyenot (1906), Bogdanow (1906), and

Baumberger (1919) considered that the food of these insects is essentially

the same as that of decaying plant matter, i.e., that they feed upon

microorganisms. Wollman (1911, 1919, and 1922) contends that he

has been able to rear the larvae of the flesh fly under sterile conditions
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and that they were normal in every way. This seems to indicate that

there may be some question as to the absolute requirement of the micro-

organisms. However, the general proposition seems to be quite clear

that this is a group of insects which feed upon a medium which is normally

teeming with microorganisms.

We shall next turn our attention to the group which feeds upon the

excreta of other animals and which is normally termed "coprophagous."

From the evidence which has just been put before us we are at once

inclined to feel that these insects may also be feeding upon microorgan-

isms. Critical evidence is lacking in nearly all the cases, and a great

deal of research is required in this field. Vaternahn (1924) concluded

that microorganisms did not play an important role in the nutrition of

the dung beetle, Geotrupes. However, the excreta of the various organ-

isms vary so much in content and nature that it is quite possible that in

some cases microorganisms may play no part at all, and that in other

cases they may be very important factors.

Under the heading of carnivorous insects, we might include from the

viewpoint of nutrition all those forms which live upon other animals in a

living state. Ordinarily we speak of carnivorous forms as those which

feed upon organisms smaller than themselves; but from the standpoint

of nutrition, there can be little distinction between those which are

parasites on other living animals and those which feed directly on smaller

animals. Among these insects we seem to find all the categories of food

restriction that we find in connection with phytophagous insects. Some
of these forms are restricted to a single species and, in the case of parasites,

the single organs of single species. Others are nearly omnivorous and

range widely in their food habits. It is difficult to make many broad

generalizations until more critical physiological work has been done

upon the nutrition of these forms. In certain cases, at least, these forms

may depend upon symbionts for the digestion of their food. Roubaud
(1919) made a study of the tsetse-fly; and it seems in this case that sym-

bionts may be necessary for the digestion of the blood which forms its

food.

The large range of food habits of insects from those which are intestinal

parasites, to those which are wide-ranging carnivores feeding upon large

numbers of minute insects every day, presents a big field for investiga-

tion; and we must reserve our broad conclusions until more evidence

has been presented. We have a host of insects which feed upon
special substances, and these have given rise to many rumors with regard

to the peculiar digestive powers of insects. The clothes moth, Tineola

ciselliella, feeds upon a wide range of organic substances, principally

hair. Titschak (1922) has made a very careful study of this insect

and has shown that the larvae prefer keratin. Feeding experiments

with wool proved that keratin undergoes fermentive digestion. By
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analysis of the excreta he was able to show that a large portion of it

was digested keratin. Albuminoids and carbohydrates were absorbed

and other parts were excreted.

The larva of the wax moth, Galleria melonella, has been investigated

by Sieber and Metalnikov (1904), who showed that the larvae fed not

alone upon wax but also upon material containing nitrogenous substances

which was found upon the wax in the beehive. It was also demonstrated

that they did not grow normally without wax and that much of the wax
in the food was digested. It seems that microorganisms are not required

in this case, the nitrogen being made up from the molted skins of the bee

larvae and other products which are associated with the wax in beehives,

the normal environment of this moth. The museum beetle, Anthrenus

museorum, is known to feed upon a large variety of substances including

the dead bodies of insects. Wodsedalek (1917) in a series of interesting

experiments demonstrated that it was able to live upon a diet of pure

silk in the absence of fats and carbohydrates. The possibility of micro-

organisms, however, was not excluded.

Special foods are prepared by many of the social insects, particularly

for the feeding of their larvae. This is true of the honey bee, the termites,

ants, and many other social insects. In the case of the honey bee, a

so-called " royal jelly" is prepared by the workers from predigested

pollen. This is fed to all the larvae during the early part of their develop-

ment, but is fed to the larvae which are destined to be queens throughout

their whole development. They are able to differentiate their larvae

into those which will be workers and those which will be reproductive

forms or queens by controlling the nitrogenous contents of the food.

Bertholf (1927) and others have made interesting investigations into the

physiology of the nutrition of bees. The case of the termites has already

been referred to in connection with the work of Cleveland (1923 and

1925). The nutritional specialization of ants is extremely interesting.

They prepare special foods; they cultivate fungi, and in general exert a

controlling and selecting activity in connection with their nutrition.

Our general conclusion, with regard to the nutritional requirements

of insects for the maintenance of metabolism, may be that they have

very much the same physiological limitations as other animals have.

Ecologically, however, they have been able to exempt themselves from

some of the physiological restrictions. First, by associating them-

selves with microorganisms which aid in the digestion of substances and

make available nitrogen under conditions where other organisms would

not be able even to exist. Secondly, the social organisms exercise a

selection and combine certain food substances making nutrition of their

larval forms possible under conditions where other organisms would not

be able to exist. Thirdly, through the specialization of the larval stage

for nutrition and growth, certain insects are able to exempt themselves

from a food requirement during their brief adult stage. This is true of
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certain May flies, Lepidoptera, and others. This great ability of insects

to adapt themselves to extreme conditions of nutrition is undoubtedly

at least partly responsible for their great success on the earth.

Effect of Nutrition upon the Morphology of Insects.—The specializa-

tion in the case of insects requiring the larvae to perform the function of

growth makes possible a great adaptation to environmental conditions.

Many insects are able to adapt themselves to a small food supply by
developing small individuals. Hunter and Pierce (1912) found that the

cotton boll weevil developed into small adults when the larvae were

developed in small cotton squares. Likewise, the bean weevil has been
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observed by the author to develop into adults of about 8 per cent of

the size of the normal adult when they were confined to a small portion

of a bean. This regulatory action with respect to size is not well under-

stood. Under experimental conditions it was not possible to remove
larvae when they had attained a size equal to that at which others were

pupating, and leave them entirely without food, and have them trans-

form successfully. There seems to be some regulatory action for the

restriction of food supply.

Mickel (1924) found that a species of Dasymutilla which are parasitic

upon Bembix and Microbembex, two genera of wasps, attained a size

which is in proportion to the host. Those individuals which parasitized

the larger Bembix developed into a large mutillids. Those which para-

sitized the small Microbembex developed into smaller mutillids. This

accounted for the distribution of size among these mutillids which was

found to have a bimodal distribution as shown in Fig. 60. It will
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be noticed that the variation in size is almost discontinuous. This

might be expected, understanding that the large hosts produce the large

individuals, and the small hosts the small individuals which are otherwise

identical (Fig 61). Herms (1907) found that the flesh fly, Lucilia caesar

attained a size which was directly proportional to the number of feeding

hours. The larvae at the end of their

period, the weight of the pupae, and

the weight of the adults were all directly

proportional to the feeding time as is

shown in Table XI.

The interesting results of Wodsed-

alek (1917) may be cited in this con-A nection although they do not bear

^^ l£mpB| directly on the ultimate size of insects.

This author found that the larvae of

the museum beetle, Trogoderma tarsale,

could live for a long time without

food, molting and decreasing in size as

if catabolism in this case were the

exact reverse of growth. A full-grown

larva could live for four or five years

during which time it decreased to a size

even smaller than that of a newly

hatched larva. One individual was
brought to mature size and reduced to

hatching size four times. Such ability

is probably of great value to these beetles which live on dried bits of

skin and bone, and may at times be called upon to endure long periods

of starvation.

Fig. 61.—Correlation in size between
Dasymutilla bioculata Cresson and its

hosts Microbembex monodonta Say (left)

and Bembix pruinosa Fox (right). In

each vertical row: male above, female in

the middle, host below. (Michel, 1924.)

Table XI.-

—

Larvae of Sarcophagidae Were Removed from Fish Flesh after
Different Periods of Feeding. The Resulting Larvae, Pupae and

Adults Are Tabulated on the Basis of Average Weight
(Herms, 1907)

Feeding period,

hours

Weight, larvae at

end of period

Weight,

pupae

Weight,

adults

60-72 38.183 30.283 22.283

60 35.68 24.76 18.44

54 31.06 22.38 17.54

48 22.14 11.81 8.08

42 17.06 12.38

36 8.82 9.34 7.15
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It is apparently not always true that size is directly proportional to

food supply. Chapman (1918) showed that in the case of a confused

flour beetle the larvae might attain a large size without being able to

transform in foods which were apparently lacking in some essential sub-

stance which has to do with the transformation of the pupal stage. Our

knowledge of the physiology of control of size in insects is so limited at

the present time that we are not warranted in drawing conclusions. It

will be sufficient to point out cases cited which are known as the effects

of the food and the environment on the size of the insect.

Effect upon the Color of Insect.—From our present knowledge of the

pigments which are involved in animals, it seems that they are derived

from plant sources already synthesized. A case was investigated by
Knight (1924) in which he found that carotinoid pigment of the bug*

Perillus was obtained from its prey, the potato beetle, which in its turn

got the pigment from the plant. Toumanoff fed Dixippus morosus on

carrots and upon white turnips. Those fed upon the carrots showed a

yellow color due to the carotinoid pigment. Those fed upon the white

turnips showed no yellow color. It is probably well to be conservative in

drawing conclusions from the data which are before us as there are

metallic colors in insects and also colors which may possibly be

synthesized in some other way.

Harrison and Garrett (1926) state that they were able to induce mela-

nism in Lepidoptera by placing twigs of the food plant in a solution of lead

nitrate (one gram per liter) before they were fed to the moths, Selenia

bilunaria. The authors state that these moths have never been taken as

normal melanic forms in the wild state, but that they developed melanic

forms under the food conditions described, and that a small percentage

of this and other species transmitted the melanic character to their

progeny. This case raises the perplexing question of the inheritance of

an acquired character and therefore may be placed in a debatable class.

However, the fact that the pigment of the food plant was incorporated

into the insect is nothing surprising and is entirely in accord with our

other information.

For the further summary of the physiology of pigments of insects,

the student is referred to Uvarov (1928).

The Effect of Nutrition on the Behavior of Insects.—Throughout
the class Insecta, we apparently have a wide variation in the development
of the olfactory senses. Certain insects seem highly sensitive especially

to their natural food while others appear to exert very little selective

action. Hewitt (1917) summarizes many cases in which it has been
possible to attract insects by the use of extracts of their normal
food. Minnich (1922) has shown that Vanessa is able to detect sugar

in a dilution of only one gram-molecular. Richardson (1916) showed
that houseflies have some discrimination between nutritious and
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non-nutritious substances. On the other hand, the confused flour

beetle, Tribolium confusum, seems to exhibit relatively little olfac-

tory selection. In case of some insects, the selection is exercised by the

stage which does the feeding. In others, the female does the selecting;

she deposits her eggs and the larvae hatch surrounded by their natural

food. In the latter case, there may be a great conservation of the larvae

;

for when larvae must shift for themselves in seeking their food, large

numbers of them are lost without finding a favorable food plant.

Effects of Nutrition on the Geographic Distribution of Insects.—
The experimental evidence which is now at hand relative to the food

requirements of insects, makes it evident that each insect has certain

minimum nutritional requirements for the completion of its life history.

It is obvious that any area which is lacking in any one of these required

food constituents for any given species will not have that species present

in its fauna. An insect which is limited to a single-host plant will of

necessity be limited at least to the area of this host plant.

It is even possible that host plants may be able to tolerate deficiencies

in certain salts in the soils of certain areas, but that the insects which

normally feed upon them may be unable to use the foliage when it is

deficient in this particular salt. Such speculation is, of course, without

foundation and is of use only as a suggestion for future investigations.

In concluding this chapter on nutrition, it is realized that the usual

lists of host plants have been omitted and that no classification of food

habits has been given. It has seemed inadvisable, in our present state

of knowledge, to go further than to describe the various parts of plants

and animals on which insects normally live. When it has been made
certain in which cases microorganisms are the essential food and in which

cases the substratum is the only food, if there are such cases, we may then

proceed to classify food habits on an intelligent basis.

Our chief conclusion may be that, at the end of our consideration of

the physical factors of the environment, we are confronted with the

fact that insects are unable to use nutrient materials without some

materials which have been synthesized by other organisms.

The subject matter of nutrition furnishes us with an excellent example

of the inter-relationship of physical and biotic factors, and of physio-

logical and ecological subject matter. We may logically conclude that

nutrition is a biotic factor of the environment, inasmuch as none of these

animals are able to live without the use of some material which has been

synthesized by another organism. We find also that the nutrition of

many of the insects is largely an ecological problem in that these insects

have associated themselves with symbionts which exempt them from

certain physiological requirements of their own class; or that they have

formed social organizations in which certain individuals are specialized

for performing the function of preparing food for the others. This vast
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subject will merit the preparation of a critical volume presenting the

information which has been prepared from various sources of investiga-

tion. For further consideration, the student is referred to the paper

of Uvarov, and to various other papers listed in the bibliography, which

will lead him to the original results of investigations.
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CHAPTER VIII

BIOTIC FACTORS IN AUTECOLOGY

The preceding discussion of physical autecology has followed the

usual lines of physiological investigations. Attention is now turned to

the biotic factors which are the ones more usually associated with

ecological studies. Naturalists have always been attracted by the biotic

factors which have not lent themselves so readily to the quantitative

treatment used in connection with physical autecology. An attempt

will be made to treat the subject of biotic autecology, so far as is possible,

in the same quantitative way as was used in the subject of physical

autecology. In so doing there is no implication that qualitative observa-

tions of biotic factors are not of value; for, in fact, they represent the

very foundation upon which all quantitative work must rest.

The primary object of this quantitative attempt in the treatment of

biotic autecology is to bring together the widely divergent results of

physical autecology of the physiological type, and the biotic autecology

of the naturalist. The results in these two fields have proceeded quite

independently of each other with a great gulf fixed between them. We
have had, on the one hand, a school of ecologists who have been essen-

tially physiological, who have been concerned with temperature coeffi-

cients and responses to various physical features of the environment.

On the other hand, we have had a school of naturalistic ecologists who
have propounded the sound doctrines, that the necessity for food, shelter

from the physical factors of the environment, and protection from natural

enemies were the most important dynamic factors of nature so far as the

survival of the individual was concerned; and that reproduction and

distribution were the most dynamic factors so far as the welfare of the

species was concerned. This school of natural history has been inclined

to feel that the general physical factors operating in the universe were

fixed and omnipresent, and were of relatively little concern as compared

with the organism's ability to survive against them; and that the chief

concern of the ecologists was the study of the ways and means through

which the organism was able to maintain itself.

Physical barriers have been considered of relatively little importance

because every species has some way to get around each physical barrier.

It seems that if progress is to be made in the field of ecology, both of

these two attitudes must be brought together and made use of. In

accordance with the laws of nature, if two things of divergent character

are to be brought together, they must be placed over a common denomi-
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nator; and it would seem that that common denominator would have to

be a quantitative expression of mathematical nature. Fourier says of

mathematics,

It seems to be a faculty of the human mind destined to supplement the short-

ness of life and the imperfection of the senses; and what is still more remarkable,

it follows the same course in the study of all phenomena; it interprets them by the

same language, as if to attest the unity and simplicity of the plan of the universe,

and to make still more evident that unchangeable order which presides over all

nature.

In the field of physical autecology, it has been pointed out that the

technique of the physiologists may be followed, and that the limitatioins

of our knowledge are due not so much to the unsurmountable difficultaes

of technique, as to the lack of data and crucial experiments to demonstarte

the fundamental effects of the various factors. In the field of quantita-

tive biotic autecology, there is not only a lack of quantitative data with

regard to the fundamental effects of the biotic factors, but there also

exist unsolved technical difficulties in- the way of accumulating such

data and expressing them quantitatively. The transition from physical

to biotic autecology might be likened to the transition from arithmetic

to calculus and trigonometry. It is necessary to superimpose upon the

quantitative effects of physical factors a quantitative expression of all

the complicated biotic functions and characteristics. On a quantitative

basis, biotic autecology should be destined to develop into one of the

highest branches of science. It is not to be denied that there are many
difficulties in the way, nor that the relationships to be dealt with are

extremely complicated. If this were not true, the future development

of this field would be circumscribed. At the present stage of develop-

ment, the pathway of progress through this field is ill-defined and insecure.

Its chief attribute seems to be that it promises to lead to a goal of

importance.

Biotic Characteristics of Species.—It is necessary to know something

of the biotic characteristics of the organisms which appear as factors in

the environment before considering the organism as a factor. It has

already been pointed out (Chapman, 1928), that organisms themselves

have certain inate biotic characteristics which are at least analogous to

the characteristics of physical compounds. These characteristics have

been summed up in the general term " biotic potential." This has been

defined as the inherent property of an organism to reproduce and to

survive; i.e., to increase in numbers. It is a sort of algebraic sum of the

number of young produced at each reproduction, the number of repro-

ductions in a given period of time, the sex ratio of the species, and their

general ability to survive under given physical conditions. It is the

potential power that an organism has to reproduce and survive in its

environment.
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The Significance of Biotic Potential.—The biotic potential of the

species is a quantitative expression of the dynamic power of the species

which is pitted against the resistance of the environment in which it lives

in its struggle for existence. Organisms which encounter a great resist-

ance from the environment must have a high biotic potential in order

that there may be survivors to replace required organisms. Nature has

required that organisms which live in environments that offer great

resistance, possess a high biotic potential in order that, after all the

resistance of nature has been met, there may still be survivors to maintain

the population. In the event that the biotic potential was high with

reference to the resistance of the environment, the population of the

species would increase until it became out of all proportion to the rest

of nature. If the biotic potential was relatively low, as compared with

the resistance of the environment the numbers of the species would

gradually be reduced until it became extinct. The fact that our present

fauna has survived down through the ages is evidence that biotic potential

and environmental resistance have tended to maintain a balance, just

as the various types of physical pressure tend to maintain a balance.

Parasitic forms whose life cycles expose them to various hazards of the

environment are classically known to have large numbers of eggs pro-

duced. Those organisms which live in relatively constant and secure

environments produce very few young at each reproduction. Those

organisms which have a high biotic potential are able to increase their

numbers very rapidly at any decrease in the resistance of the enviroment.

The history of economic biology contains the records of many biotic

explosions in nature where there has been a sudden change in environ-

mental resistance; and the biotic potential of the organism has been

fully expressed; and populations have shot up to enormous proportions.

Biotic potential is just as definite a characteristic of a species as is the

valence of carbon a characteristic of that element. Our common fruit

fly Drosophila, for instance, is very distinctly characterized by its ability

to reproduce rapidly; and its usefulness in genetical experiments has been

due to this biotic characteristic. It is obvious that a species like the

17-year cicada, while it might have contained better genetic characters

than Drosophila would be much less useful in genetical experiments

because of the difference in biotic potential. One can pass through a

generation in a few days' time; the other requires years of time.

Quantitative work in ecology will require a knowledge of the biotic

potential of the species, just as quantitative work in chemistry requires a

knowledge of the valence of elements which go into compounds. The
reaction of an element may be predicted on the basis of its valence; and
the reaction of a species in an environment may be predicted on the basis

of its biotic potential, provided the characteristics of its biotic potential

are fully understood. It would seem that the general situation of the
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biotic potential as an inherent characteristic of the organism on the one

hand, and the resistance of the environment on the other hand, should be

rather clear. The species is continually reproducing. In this respect

it is sometimes very extravagant of individuals ; while the environment is

continually taking an enormous toll from its numbers. The result is

that the population remains relatively constant because such great

numbers are produced. Further examples are to be given in the subse-

quent discussion. For the present, the main object is to make clear the

general picture.

It may add to the appreciation of this general situation with respect

to the biotic potential of the organism and the resistance of the environ-

ment, if we cite a few examples from literature illustrating the capacities

of organisms to reproduce. Huxley (1858) cited an example which has

become almost a classic in biological literature, showing that a single

parthenogenetic female aphid could give rise in a year's time to a popula-

tion of progeny whose total protoplasms would be equal to that repre-

sented by the inhabitants of the Chinese empire. Herrick (1926) tested

this calculation using the common cabbage aphid, Brevicoryne brassicae,

which he had shown to be capable of producing twelve generations

between March 31 and Aug. 15. A single stem mother could give rise

on an average to 41 young. On this basis, the progeny, if they all lived,

would number 564,087,257,509,154,652. He determined the average

weight of four aphids as 1.4 mg. Therefore, this number of aphids would

weigh 1,645,254,501,068 lb., which seems to substantiate the statement of

Huxley.

Woodruff (1922) calculated that it was possible for a single infusorian

to produce a cubic meter of protoplasm in 60 days' time with 1,000

individuals to the cubic millimeter. In 7 years' time, the progeny of this

single infusorian would be represented by a mass of protoplasm 10,000

times greater than the mass of the earth itself, and that in a few hundred

years it would exceed the whole visible universe including the sun and all

of its planets.

Lefroy (1909) calculated that a single pair of fruit flies, Drosophila,

would in one year's time produce 30 broods; and if each brood consisted

of 40 eggs, half females; and if all came to maturity, their numbers would

be appalling. He said:

If they were packed tightly together so that each cubic inch of space contained

a thousand of them, they would very easily cover the whole of India, from

Kashmir to Cape Comorin, from Karachi to Calcutta, with a solid cake of flies

a hundred million miles thick, or would coat the whole world with a layer of

insects a million miles in depth. And yet as it is we do not particularly notice

them.

It would be possible to continue to cite similar incidents based upon

general observations and general citations in literature. Such calcula-
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tions usually are not taken seriously. They are considered to represent

fantastic numbers. It is perfectly obvious that these potential numbers

are never realized because the various actions of the environment inhibit

the reproduction. However, it is just as obvious that they are true

potential numbers.

A species without the ability to reproduce rapidly could not produce

a large population in a short period of time. The history of economic

biology gives the examples of numerous species which have been moved
accidentally from one environment to another and in the new environment

the population level has been entirely different from that in the natural

environment, due to the difference in resistance in the two environments.

Tropical species go north until the resistance of the environment over-

comes their biotic potentials. Species from the lowlands move up the

mountains until their biotic potential is overcome by the environmental

resistance.

This general picture does not solve problems, but it may aid in clear

thinking as to the relationship of organisms to their environment. To be

of use in research in analyzing complicated situations it is necessary to

proceed further and analyze more minutely the constitution of biotic

potential. It is interesting to note that there are hardly any economic

species in which the data are available to determine their potential rate

of reproduction. With the hundreds of volumes which have been written

on various species it seems surprising that so elemental a fact as the

potential reproductive rate should have been overlooked. With the

limited information now before us it would be disastrous to make dogmatic

statements as to the minute details of biotic potential. Inasmuch as the

entire value of the conception depends upon the contributions which it

can make to research, it is necessary to proceed cautiously and not to

adopt dogmatic definitions on the basis of insufficient evidence. It will

probably be necessary to continually make revisions, just as in the tables

of atomic weights of chemicals it has been necessary to make revisions.

The Constants of Biotic Potential.—It is necessary to give biotic

potential a quantitative expression in order that it may be used in measur-

ing the effect of the environment. In giving it such quantitative expres-

sion it is of primary importance that the expression be simple, easily

understood, and easily standardized. It is also essential that it should

not be prematurely dogmatized and made subject to a series of definitions

and revisions which lead to controversy and confusion. The conception

of biotic potential pitted against environmental resistance leaves the

biotic potential as the absolute optimum of the rate of reproduction of the

species when there is no environmental resistance. This conception

postulates the condition in which any action of the environment will

bring about a reduction of the potential number, or the rate of increase of

the population. The situation is therefore simplified in one respect,
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the measure of environmental resistance will be the reduction of the

rate of reproduction below the optimum of potential.

A rather serious difficulty is presented however in the matter of

determining this optimum or absolute biotic potential. It involves both

the technical difficulties of making the determination, and the assurance

that the determination made is the absolute biotic potential, and not some
close approximation to it. If the work on the biotic potential of each

species must be held up until this difficult determination is made, it will

be a serious interference with progress. For this reason there is a prac-

tical advantage in introducing the term "partial potential" to represent

the biotic potential of a species under a given set of conditions. We
may therefore speak of a partial potential of Tribolium confusum at

27°C, 75 per cent of relative humidity, and a nutrient medium of pure

whole-wheat flour. It may be advantageous to establish a series of

partial potentials along the temperature scale, or along the humidity

scale, or over a series of nutrient media.

The absolute biotic potential may then remain a hypothetical number
of theoretical value just as the absolute zero on the temperature scale

of physical chemistry remains a real but hypothetical value of great

theoretical importance. Similarly in the study of a field-crop insect,

it is possible by a careful field study to make the determination of the

partial potential of an insect for a given year under the field conditions

of a specified geographic area. The partial potential quoted becomes of

value when comparing different areas and different years and in evaluat-

ing the effect of the various environmental factors in reducing the partial

potential. A careful investigation of the change in population numbers

throughout the life cycle compels attention to the facts which it concerns

us to know; i.e., the action of the environment in reducing the population

numbers.

In accordance with this hypothesis, biotic potential is a constant;

and if environmental conditions were to remain constant the population

should also be constant. Such conditions have been brought about under

certain limited laboratory conditions (Chapman, 1928). In this series of

experiments the environmental resistance was ultimately due to the size

of the environment which was measured by the number of grams of wheat

flour. Environments of various sizes forming a geometric series were used

and they varied from 4 g. to 128 g. Populations of newly emerged adult

beetles were introduced into each of these environments to provide one

beetle to each 2 g. flour. The numbers of eggs, larvae, pupae, and adults

were recorded at various times and the flour was changed at each observa-

tion to maintain a uniform nutritive value of the environment. Table

XI gives the results of the various counts over a period of over 156 days.

In Table XII these counts have been reduced to numbers of individuals

per gram of flour.
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Table XII.

—

Beetles (Tribolium confusum) per Gram of Flour1

Days 4 Grams 8 Grams 16 Grams 32 Grams 64 Grams 128 Grams

0.5 0.5 0.5 0.5 0.5 0.5
15 15 17 20 17 21 19

30 30 25 26 22 24 23

50 35 33 32 35 32 34

64 39 39 34 39 40 37

78 35 41 39 36 37 39

101 40 46 38 44 49 39

141 48 45 36 43 40 40

134 37 50 41 41 48 45

156 38 49 46 44 45 47

171 46 49 46 43 42 40

1 Ibid.

After a period of approximately 100 days, the number of individuals,

as expressed in beetles per gram of flour, becomes constant at about

43.97 individuals per gram and fluctuates about this number.

It will be noted that comparing the number of beetles per gram in

each of the environments on any one day, and comparing the number of

individuals per gram in any one environment over a series of days, from

100 to 150, the fluctuations are of about equal magnitude. This seems

to indicate that it makes little difference whether an environment is as

small as 4 g. or as large as 128 g. The number of beetles per gram of

flour is about constant. Referring back to the table which gives the

numbers of the various stages found in each count it will be noted that

thousands of eggs may be present every day but that the populations do

not change.

A complete analysis of all the resistance which is met by the biotic

potential of these beetles is complicated and difficult. It has, however,

been shown that the adults and larvae eat the eggs of their own species.

There is apparently no selective action in the eating of the eggs, it being

merely an accident, whether an adult or a larva encounters an egg while

it is eating flour. However, the incidence of these active forms with

the eggs and also the pupae is a matter of the concentration of the beetles

in the flour. At low concentration, eggs and pupae escape and develop

to become adult beetles. When many of them have developed into

adult beetles, the concentration is then so high that relatively few eggs

or pupae are able to escape; and the population then remains constant.

When the resistance of the environment was experimentally reduced by

placing the population in a large environment, the numbers increased

rapidly, as might be expected from the presence of thousands of eggs.

It has often been postulated that populations reach a limit due to

the accumulation of toxic substances in the environment. In this case

the medium was renewed according to a schedule and such an accumu-
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lation was impossible. It seems, therefore, that the limitation is simply

an accumulation of numbers in a limited environment.

Biotic Constants of Potential.—Attention will now be turned to the

factors which go to make up biotic potential. Theoretically we may
divide biotic potential into reproductive potential and survival potential;

and each of these may be again subdivided. There may be some question

as to the practicability of the use of these divisions in making quantitative

calculations with our present amount of knowledge; but a discussion of

these various factors will at least contribute to the understanding of the

significance of biotic potential.

The reproductive potential is a measure of the ability of the organism

to produce large numbers. The survival potential is the ability of the

organism to maintain the high numbers. It seems to be a general law

in nature that if the reproductive potential is high, the survival potential

may not be so high and vice versa. Many species produce relatively few

young but exercise parental care to see that the few produced actually

survive. On the other hand, many species produce enormous numbers

of young and leave them to take their own chance in nature, which means

that the survival potential is not high.

The question of practicability may be raised in considering the rela-

tionship between survival potential and environmental resistance. The
calculation of environmental resistance as the reduction of the reproduc-

tive potential is relatively simple, as compared with introducing another

factor to represent survival potential. It is not possible with the present

amount of experience to predict what will be the most practical method
of handling these conceptions in making calculations. It is certain that

various species differ in their ability to endure severe environmental

conditions. This means that the same amount of environmental resist-

ance produces different effects upon different species. This may be

explained as being due to the difference of the survival potential of the

different species. For example, the lowering of temperature acts as an

increase of resistance to all species. However, the point on the tempera-

ture scale where the different species encounter the absolute minimum
temperature, differs just as the freezing points for various chemicals do,

although it is true that low temperature approaches the freezing point of

all.

It is possible, therefore, to conceive of survival potential as repre-

senting the actual position on the temperature scale where a species would
experience its optimum and pessimum conditions. This has furnished

the basis for the comparison of various species in the same environment.

The difference in the reduction of the potential number of organisms of

various species by the same environmental resistance would be a measure
of the survival potential of these different species. For practical pro-

cedure, therefore, the question may be raised as to whether it is more
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advantageous to conceive of the environmental resistance as being a

unit for any given set of conditions, and its differential action on different

species be conceived of as a characteristic of each species, representing

a survival potential ; or whether it is better to calculate the environmental

resistance for each species separately.

It is under these categories of biotic potential that all the facts of

natural-history observation come to find a place and to be analyzed

quantitatively. All the intricate adaptations, all the protective habits

and reactions if they are of significance to the species must contribute,

at least some small amount, to the ability of the organism to reproduce

and maintain its numbers. When the welfare of a species is viewed in

terms of the population it is able to maintain, all these facts should be

able to find their place and be evaluated. It seems likely that many
controversies over protective coloration, mimicry, and resemblance

might find the solution if they were investigated from the viewpoint of

their contributions to the maintenance of the population of the species.

Thus, this quantitative approach to the subject anticipates a new light

on the observations of natural history.

Reproductive Potential.—The reproductive potential of a species

may be divided into the factors of the sex ratio of the population; i.e.,

the number of females which are going to reproduce, and the number of

young produced per each female in a unit of time. If reproductive

potential is to be used as a constant in making calculations, it is obviously

necessary to search for something constant with regard to the number
of young produced. There are theoretically two possibilities in this

connection. One is the attempt to demonstrate that there is a constant

number of primary oocytes for any given species. Such a demonstration

involves many technical difficulties, but a knowledge of the subject would

be of fundamental importance. The second is to demonstrate a mean
value for the number of eggs produced. It is known, however, that the

number of eggs produced is constant within certain limits; but in some

species at least the variation within these limits is great. The shad,

for instance, is said to lay from 30,000 to 100,000 eggs per season, and

the carp from two to four million. Among the insects we may also

find examples of very wide discrepancy in the number of eggs produced.

Pemberfcon and Willard (1918) state that the parasites which they

studied, often died with eggs left in the oviduct. Parker (1930) found

that under laboratory conditions where an attempt was made to maintain

the environment as near the optimum as possible, certain grasshoppers

laid more eggs than under field conditions. This would seem to indicate

that, in certain species at least, the potential number of eggs is never laid

under the conditions of nature. It is interesting in this connection to note

that Parker found the increased number of eggs in species which are often

pests, and that he did not find such an increase in certain other species
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which are not of economic importance. This seems to indicate that of the

many species of grasshoppers, it is only the few which are of economic

importance which have the potential ability to produce a larger number of

eggs under optimum conditions.

Among parasitic organisms in general, there are cases cited where

enormous numbers of eggs are produced in order to overcome the enor-

mous resistance of the environment which is experienced before the

individuals become established in new hosts. Raillet (1895) states that

the tapeworm, Taenia, will have at least 8,800 eggs in a single proglotus

and may discharge as many as 13 or 14 proglotids per day. These are

literally spread broadcast in the environment on the chance that a few

will come to rest in the proper hosts.

The phenomenon of polyembryony is found among certain of the

parasitic insects; and in this case the female places the eggs within the

host and thereby practically insures the development of the egg that is so

placed. The egg which is placed, then proceeds to produce many individ-

uals instead of just one. This amounts to an increase in the number of

young produced and brings about the increase, after the hazard of

environmental resistance in passing from one host to another has been

overcome.

Many of the social insects have made the matter of reproduction a

social affair rather than an individual affair. The case of the honey bees

is arranged to have one individual represent the reproductive power of a

colony. The individuals of the colony are specialized as to reproduction,

care of the young, and the providing of food, so that reproductive poten-

tial and survival potential both become social functions rather than

individual functions.

The sex ratio becomes an important factor in reproductive potential

because it is the rate of increase of the population rather than that of

certain individuals which is of ecological importance. The simplest sex

ratio of adult insects is an equal number of males and females which may
be expressed as a sex ratio of 0.5. In certain cases the females may
greatly outnumber the males, and in some of the aphids and other insects

there may even be parthenogenesis. In such a case the sex ratio becomes

1.0 so far as the adult insects are concerned. Holdaway (unpublished

thesis) found evidence that under certain environmental conditions

there may be a change of sex ratio in Tribolium confusum.

For the purpose of population studies one may distinguish between the

true sex ratio and the effective sex ratio. The former designates the

actual percentage of females in the population and is usually applied to

the adult population. The effective sex ratio designates the percentage

of the total population capable of producing eggs or young. For all

purposes of calculation, it is necessary to know the ratio of the number
of reproducing females to the entire population. The expression of
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Thompson (1922) may be adopted to represent the reproductive potential

of a given generation of individuals : fs =z. f represents the sex ratio

and s the number of young produced at each reproduction. The product

of these two values equals z which will be the value for the reproductive

potential. The advantage in using the expression lies in the fact that it

makes it possible to evaluate any adaptation either for the production

of an increased number of young or an increase in the relative number of

females. This factor then represents the increase in one reproduction

and is the factor by which the population must be multiplied to raise

the number to the population value at the end of one reproductive period.

The practicability of the use of these expressions may be greatly

increased by adopting the partial biotic potential for any given set of

conditions, as has been already suggested. While the number of young
produced and the sex ratios may vary, it has been shown in the case of

Tribolium confusum that under a standard condition of temperature,

humidity, and nutrition these numbers are relatively constant. There-

fore we may assign a partial potential for Tribolium confusum at 27°C,

73 per cent of relative humidity with a standard whole-wheat flour as a

nutrient medium, and obtain results which may be duplicated in a series

of experiments without wide variation.

Survival Potential.—A survival potential represents the place in the

scale of environmental resistance which an organism can endure. We
may compare the action of two different environments upon a given

species on the basis of environmental resistance. When we wish to

compare the effect of an environment on two different species, we may
find that the same conditions offer high resistance for one species and low

resistance for the other. It represents a sort of buffering ability on the

part of the organisms against environmental resistance. It is possible

that the chapters on Physical Autecology would have had much greater

ecological significance had they been treated in such a way as to represent

the survival potential of the various organisms under various conditions

of environmental resistance. This has not been done for the reason that

the effects of the environmental factors are represented by very well-

established physiological results; while the biotic-potential principle is

still in the state of a hypothesis. It has, therefore, seemed best to let the

physiological facts stand upon their own foundation rather than to involve

them with a theory which demands further support.

It is possible to further subdivide survival potential into nutritive

potential and protective potential. Nutritive potential represents the

ability of the organism to utilize environmental materials for the support

of its own metabolism. An organism which has a potential power of

synthesizing food materials in a few compounds in the presence of sun-

light, carbon dioxide, and water, has an enormous"advantage over those

organisms which require their food to be already synthesized. The
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chapter on Nutrition has called attention to the fact that all animals,

at least those above certain protozoa, require that their protein be in

the form of amino acids at least, and that their carbohydrates be sugars

or starches. This is due to their limited potential powers of synthesis.

There is evidence that certain animals and possibly some insects are

able to absorb nutrient materials from solutions in the water. Matheson

(1929) has suggested that this is possible in the case of mosquito larvae.

Ecologically the nutritive potential of a species may be greatly

increased by symbiosis. An organism which lacks the mechanism for

synthesizing in its own organs, may acquire another organism which

possesses the mechanism and thus makes itself the equivalent of an

organism with these powers. A high nutritive potential may therefore

be due to fundamental physiological properties, as in the case of certain

plants; or it may be due to fundamental ecological relationships in the

case of certain termites which are able to live on cellulose by being asso-

ciated with microorganisms. We thus have an illustration of emergent

evolution in the nutrition of organisms which makes it possible for a

highly organized insect, which is actually an association of organisms

rather than an individual, to have the potential nutritive ability of a

microorganism.

Protective Potential.—Reproductive potential and nutritive potential

are concerned with the dynamic properties of the organism in bringing

other organisms into existence, and in utilizing the raw materials of the

environment to build up protoplasm and maintain metabolism. The
protective potential of an organism is concerned with the potential

ability to protect itself against the dynamic forces of the environment.

Individual organisms exhibit adaptations varying all the way from what

seems to be pure chance in surviving to the most intricate protective

structures and habits. It is impossible to dwell upon these in detail in

the present discussion. In a qualitative way the descriptions and

generalizations concerning such adaptations form the subject matter

of much of our present-day ecology. Undoubtedly the future is going

to see these generalizations translated into quantitative terms which

will be a measure of the advantages which the species derives

from such adaptations. It will undoubtedly be shown that certain

species which do not have the high reproductive potential may yet survive

in large numbers due to their ability to protect themselves against the

organic and inorganic environmental resistance.

Social insects have made the matter of protection a social function

rather than an individual function. Special castes have been developed

in various of the social insects such as the soldiers among the ants and
termites, whose function it is to protect the social organization against the

organisms of the external environment. These soldiers are produced to

sacrifice themselves for the protection of the colony in general. Social
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insects offer some of the most enticing opportunities for study of the

quantitative value of protection.

Environmental Resistance.—There is a great practical advantage in

being able to consider both the physical and biotic factors of the environ-

ment in the same quantitative way and to measure them with the same
scale. In the chapters on Physical Autecology, the physical factors were

dealt with in a purely physiological way, although it was recognized that

the results were not of the greatest ecological value. However, the

biotic factors have not been measured in the same physical terms that are

used in connection with physical factors. What is more, they are not

susceptible to such measurement, at least not to the same degree that

the physical factors are. For this reason, a departure must be made in

the method of measurement rather than an attempt to evaluate the

biotic factors in terms of physical resistance. The biotic potential of the

organism will be taken as the standard of measurement. The environ-

ment will be represented as resistance to the biotic potential. The
difference between the potential number of organisms as indicated by the

biotic potential, and the actual number of organisms as observed in the

environment, will be the measure of the resistance of the environment.

This method of measuring the resistance of the environment suggests

an analogy to the methods used by Fourier in measuring the transmission

of heat through solids, and by Ohm in measuring the resistance of a

system to the transmission of an electric current. In both cases the

resistance was measured in terms of the energy which was being dealt

with.

Ohm stated that the amount of current which could be measured at

any point in a system depended upon two factors: first, the potential

amount of current; and second, the amount of resistance which was
offered to that current. If the potential was high and the resistance low,

the measurable amount of current would be high. If the potential was

low and the resistance was high, the observed amount of current would be

small. In any event, the only current which could be observed and

measured was the amount which was left in the system after the resistance

had been satisfied.

There are two important points for the student of ecology in connec-

tion with Ohm's generalization. Ohm did not understand the nature of

resistance to an electric current when he formulated his statement which

is now recognized as a law of physics. Without understanding resistance

he did correctly state the relationship between the potential amount of

current, the actual amount of current to be observed along the circuit,

and the nature of the circuit through which it passed.

The second important point in Ohm's generalization is the fact that

it led to the definition of resistance in terms of the resistance offered to an

unvarying electric current by a standard-unit circuit which was chosen
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arbitrarily. It is known as the " Ohm " ; and the actual unit circuit which

it represents is of little consequence now that it has been adopted. Its

existence as an accepted unit makes possible the measurement of resist-

ance; and by the use of Ohm's law it is possible to calculate the current

which will pass through a circuit when the resistance of the circuit and

the potential amount of current are known. It is also possible to

calculate the resistance of the circuit when the potential amount of

current at one end of the circuit and the actual amount at the other end

are known.

It is possible to calculate the potential number of individuals that a

species will produce if we assign a partial biotic potential to the species as

the result of an investigation of its sex ratio and the number of young

produced in a unit of time under given conditions. It is also possible to

measure the number of individuals which are actually present in the

environment at any time. The difference between the two numbers thus

obtained must represent the reduction of the potential number of indi-

viduals by the resistance of the environment, in much the same way that

the resistance of an electric circuit reduces the current from its potential

to its actual value.

Since the biotic potential of a species is balanced by the environmental

resistance, certain biologists have concluded that it is of no importance

because it is always nullified by the resistance of the environment. If

the state of equilibrium was absolutely stable this would be true. How-
ever, the oscillations of the population are a function of the biotic poten-

tial and these oscillations are the important variables. They are perhaps

most important in environments in which the physical resistance is

subject to wide and extreme fluctuations. In the case of a species which

is moved from one environment to another the biotic potential is impor-

tant in determining the trend of the population of the new species.

The Measurement of Environmental Resistance.—It will not be

possible or practical to review the attempts to express the effects of the

environment in diminishing the potential number of organisms in an

environment. It is still too early in the history of these attempts to be

able to select the most promising methods.

Lotka (1925) has devoted considerable attention to the consideration

of equations to express the various conditions of equilibrium. In his

chapter on " Analysis of the Growth Function, " this author uses the terms

" birth rate" and "force of mortality" in somewhat the same way that

biotic potential and environmental resistance are used here. Lotka
presents many ingenious and suggestive formulae for expressing the

various conditions of equilibrium which may be found in nature. It is

interesting to note the application of these formulae, primarily from the

field of physical chemistry, to systems composed of living organisms.

The advent of such methods in the field of chemistry led to a great
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advance in our knowledge of the structure and energy relationships of

chemical systems; and it is possible that they may be a great aid in the

understanding of the relationships of systems composed of living

organisms.

It is possible that too much stress on analogies drawn from afar may
confuse the situation. Proof will not come from the contemplation of

analogies unless such contemplation stimulates investigation which

results in the accumulation of significant facts.

The statement that the ratio of the actual number of individuals to

the potential number of individuals is a measure of the resistance of the

environment may serve as a hypothesis. The resistance of the environ-

ment consists of many factors which may be classified as physical and

biotic. Each of these may in turn be divided into individual factors.

For the purpose of a general statement with regard to the measurement of

environmental resistance, it will be permissible to treat the total resist-

ance rather than the individual factors, just as Lotka (1925, page 162)

has done in a similar computation.

The essential point of the hypothesis presented here is that it pro-

poses the measurement of environmental resistance in terms of the poten-

tial number of organisms. By using these three values, biotic potential,

the actual number of organisms present in the environment, and the

resistance of the environment, we have two values which may be deter-

mined by examination. The biotic potential may be determined as

previously stated. The actual number of organisms, present in the

environment, should be subject to determination. The ratio of the

number of organisms which should be present because of the inherent

ability of the organisms to reproduce themselves (the biotic potential)

and the number which are present may be considered as the measure of

the resistance of the environment. If it were not for the environment,

the potential number would be reached. In an environment in which

all of the factors were at the optimum, the potential number would be

realized. In an environment in which the conditions were all near the

minimum of toleration, the numbers would depart very far from the

potential number of organisms.

Thus when the biotic potential is constant and the number of individ-

uals is high, environmental resistance must be low, and when the number
of individuals is low, the environmental resistance must be high.

An example of the relationship of actual numbers of individuals to the

potential number may be taken from the results of the bird census taken

by the U. S. Biological Survey (Cooke, 1923). There were 11 nesting

pairs of English sparrows to each 100 acres of land in the North Central

states during the period from 1916 to 1920. The smallest number in

any year was nine and the largest 13. It was originally estimated that

a single pair of English sparrows would give rise to 275,716,983,698
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individuals in 10 years' time (Barrows, 1889). Yet under the conditions

m the North Central states, the number has been 11 nesting pairs to

each 100 acres of land; and the fluctuation has only been between nine

and 13 during this five-year period.

Adopting the rate of increase just cited, each 100 acres of land should

have given rise to 575 sparrows each year, but the number remained

constant. This difference between the potential number of sparrows and

the actual number must be a measure of the toll taken by the environ-

ment; or, stated in the terms of the present hypothesis, the resistance of

the environment. In the North Eastern states the resistance of the

environment seems to be greater ; for the average number of nesting pairs

was only five; and it varied between three and seven.

The equilibrium of nature is in general a moving equilibrium as cited

by Lotka (1925), with fluctuating numbers rather than absolutely con-

stant numbers. If numbers were to be absolutely constant it would be

expected that all environmental conditions were also constant, which

obviously does not happen in usual cases. Additional examples of such

equilibria will be cited under the subject of physical resistance and biotic

resistance.

Physical Resistance.—In the chapters on Physical Autecology, the

effects of the various factors were considered in much the same way as

they would be treated in general physiology. The measurements of the

various factors are in terms of physical systems. When considered as

environmental resistance, the effect of these factors must be measured in

terms of the reduction of the potential number of organisms. This

furnishes a good example in making the distinction between physiology

and ecology. In the consideration of temperature as a physical factor,

the coefficient for the various processes of metabolism in organs or in

individual organisms was considered. As pointed out in that chapter,

many of these are not of direct ecological importance.

Ecology is concerned with the groups of organisms ; and it is the effect

of temperature upon the population which is of ecological importance.

The effect of temperature upon the rate of hatching of an egg is of indirect

importance to ecology, just as the effect of temperature on surface ten-

sions or any other physical phenomena is of fundamental importance to

physiology. The interest of ecology is centered upon the trend of the

population, just as the interest of the physiologists is centered upon the

metabolism which is a summation of all the physical phenomena involved.

Table XIII represents the resistance of temperature to the develop-

ment of Tribolium confusum. It will be noted that the change in

the rate of the hatching of the eggs, development of larvae, and the

development of pupae, each has its own coefficient. It is also evident

that the per cent of mortality changes with temperature. Each contrib-

utes to the general rate of increase of population; but it is the algebraic
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sum of these as represented in the rate of pop-

ulation increase that becomes the center of

interest for ecology.

The table also gives the history of two
series of experiments starting with 100 eggs

each. In this case there is an accumulation

of time and mortality for the death rate in

each stage, as applied to the number of in-

dividuals which have survived the former

stages. At 22° the percentage of mortality,

which represents an unknown resistance

factor, is 23 per cent in both the egg stage

and in the larval stage; however 23 of the

original population died in the egg stage;

while the average deaths in the two larval

populations was only 17.71.

This is an example of the chain-resistance

reaction which is characteristic of organisms

with specialized stages in their life cycle.

A study of the resistance in one stage does

not necessarily give a true value of the resist-

ance to the life cycle. Chains of resist-

ance will be considered further in con-

nection with synecology.

A study of the time, required for the

complete stage, shows that the effects of

temperature are in essential agreement with

the principles of Krogh and Van t'Hoff as

described in the chapter on Temperature.

When attention is turned to the population

increase during a period of time, it becomes

evident that one cannot make an approxi-

mation on the basis of temperature co-

efficients.

Figures 62 and 63 indicate the rates of

increase of population at the temperatures

indicated, covering the time from the first

oviposition of the original population to the

beginning of oviposition by the first progeny.

It seems obvious that the refinement of the

expressions of Qio and various other temper-

ature coefficients is of relatively little direct

importance to the ecologist as compared with
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the study of the rates of increase of population under various conditions

of environmental resistance.
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Fig. 62.—Population trends for Tribolium confusum from first oviposition of original

population to the first oviposition of the first progeny. Number of individuals on the
ordinate and days on the abscissa.

In considering the effects of physical resistance and the operation

of the total physical and biotic resistance on the life of an individual, it
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Fig. 63.—Population trends for Tribolium confusum from the first oviposition of the
original population to the first oviposition of the first progeny (27°C. and 75 per cent of

relative humidity) . Compare with Fig. 62 for the effect of a difference of 5° in the tempera-
ture of the environment.

is necessary to take into consideration the limiting of individual factors

which are near the limits of toleration, as the effect of the relative impor-
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tance of various other factors operating contemporaneously. Our
present knowledge of these total effects is very limited. We are in about

the same relative position that general physiology was, when it began

to realize the importance of the various phenomena of physical chemistry

which contribute to the rates of metabolism.
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CHAPTER IX

SYNECOLOGY

The discussion will be interrupted at this point, only to call atten-

tion to the fact that the transition is now being made from autecology

to synecology. In autecology individual physical factors and indi-

vidual organisms were considered. Now individual organisms are

to be combined into the populations; and individual physical factors

into weather, climate, soil, and other environmental media. In the

treatment of the subject matter of autecology, physical factors were given

first consideration. In the treatment of synecology the population sys-

tems will be given first consideration. Ordinarily the combinations of

physical factors which make up weather, which is a study of the variations

of these physical factors in time, and the combinations which make up
climate, or climatology, representing the distribution of these physical

factors over geographic areas, are considered as separate subject matter.

In the present consideration there is no separate chapter devoted to

weather or to climate. Climatology is considered under chorology or

distribution in space, and weather, is considered under both the subject

of Chorology and Chronology. It is possible that this division of the

subject matter will not be the most satisfactory to students who are

particularly interested in weather and climate. However, for those who
are interested in the distribution of insects, in space and time, it may
prove more convenient.

In considering the populations of animals there are several possible

viewpoints. From the viewpoint of biocenology the population, or

biocenose, may be classified on the basis of the bond which is of primary

importance in holding the population together as an ecological unit. In

many cases this bond may be primarily physical, i.e., the organisms may
be forced to associate with each other because they have a similar tolera-

tion of physical conditions of the environment. In this case the biotic

relationships are secondary. These biotic relationships are forced upon
the organism as a result of their aggregation on the basis of a physical

factor.

In other cases the primary bond may be biotic, i.e., it may be an
association of organisms on the basis of some biotic bond such as a social

aggregation. Here we could classify the social insects with their parasites

and symbionts. Here also could be classified the groups of organisms

which have common host plants. It is this phase of ecology that appeals

to the naturalist. It represents a serious branch of science with great

203
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possibilities as illustrated by Wheeler's "The Social Insects" (1928).

However, in the present volume there will be no special chapters devoted

to these subjects. They will be referred to in connection with the popu-

lations of various areas and in connection with the chorology involved.

Possibly any scheme of handling the subject matter of synecology will

prove unsatisfactory to students interested in particular subjects. An
attempt will be made to treat it with a dynamic viewpoint with particular

reference to methods which may aid in furthering our information of

the general subject matter. Under each of the principal headings the

main literature will be cited. It is probably true that the student will

find more satisfactory information if he will follow these main citations

than by using the present treatment alone.

Biotic Potential, Environmental Resistance, and Population Equi-

librium.—Biotic systems may be considered as in equilibrium when the

populations remain approximately stationary over a considerable period

of time. Lotka (1925) prefers to use the term quasi-equilibria for such

systems because there is a continual dissipation or degradation of energy

involved in maintaining the stationary state. This, he believes, makes a

proper distinction from the true equilibrium of physical systems in which

all forces are balanced and velocity vanishes.

The relatively stable state of biotic systems resembles the static

equilibrium in that the point or line about which it oscillates is itself

stationary. It is, however, like a dynamic system in that the population

is moving about a stationary point, but it is nevertheless moving. It is,

therefore, necessary to be clear as to the conditions to be considered.

A population may be treated, in a general way, as in a stationary state in

which its biotic potential is balanced against the environmental resistance.

Individual organisms are continually being produced to replace those

which are eliminated by the resistance of the environment. At times

the trend of the population is slightly upward, and at times it is slightly

downward. This represents the stationary state of equilibrium, or the

state of quasi-equilibrium of the oscillating population. On this basis,

the general situation of a population may be considered as balanced with

its biotic potential equal to the environmental resistance; but the state-

ment does not apply to the population as it follows its oscillation above

and below the level which may be called its stationary state.

The economic entomologist becomes impatient to apply a formula

for the solution of his problems. However, the present state of our knowl-

edge is too immature for such applications. It is evident that a species

of high biotic potential has the ability to increase its population very

rapidly if there is a reduction of environmental resistance. Similarly,

if the population is reduced artificially, it has the ability to return to the

original population in a very short period of time, because of its high

biotic potential.
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It may be concluded from the above that, when the population

remains constant with a low physical resistance, the biotic resistance must

be high. Conversely, when the biotic resistance is low, the physical

resistance must be high if the same state of equilibrium is to exist. This

is in accordance with experience in the biotic control of pests. In

countries where physical factors are moderate and relatively constant,

pests have often been successfully controlled by parasites and predators;

while such control has been difficult in countries where physical condi-

tions fluctuate greatly and often become extreme.

For a consideration of the calculation of the trends of the populations,

the student is referred to the Appendix by Dr. Volterra.

Biotic Resistance.—When we approach the subject of biotic resist-

ance, particularly in connection with the equilibrium of populations, we
are in the borderground between autecology and synecology. The

discussion will be continued from the consideration in the last chapter on

Autecology. It is perfectly clear that we are analyzing the effects of

organisms upon each other, and this may very logically be the subject

matter of synecology.

The history of economic entomology contains the records of many
unintentional experiments in which organisms have been carried to new
environments which contained no biotic resistance in the way of predators,

parasites, or competitors. In many cases the physical resistance has

been about the same as in the original environment, but the absence of

the biotic resistance has been enough to permit the biotic potential to

express itself and the populations to rise to unprecedented numbers.

In such cases it has seemed obvious that the most promising method of

control is to examine the original environment to determine the nature

of the biotic resistance, with a view to introducing it into the new environ-

ment and thus reestablish the equilibrium of the original environment.

When the sugar-cane leaf hopper, Perkinsiella saccharicida, was
introduced into the Hawaiian Islands, it apparently came without biotic

resistance in the form of parasites ; and the new environment presented a

minimum of physical resistance. As a consequence, its rate of repro-

duction was practically that of the unimpeded biotic potential. Later,

parasites were introduced and, in the presence of this biotic resistance, the

hoppers were reduced to a minimum which is no longer of economic

importance.

Environmental resistance must necessarily be determined for each

stage in the life cycle of an organism. Thompson (1928) has called

attention to the necessity of properly evaluating resistance factors which

function as a part of a chain series of resistances, each operating in a

different stage of the life cycle. He calls the mortality of a population as

expressed in the per cent of the total individuals in a given stage the

"apparent mortality." The real mortality is defined as the per cent
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of the egg population of the life cycle which dies. To illustrate the rela-

tive importance of apparent and real mortality, he gives a hypothetical

illustration of an insect depositing 100 eggs for whose control a 98 per

cent mortality is required. The chain of factors are given by Thompson
(1928) as follows:

Stage

Apparent Real

Factor mortality, mortality

per cent per cent

Sterility 5.00 5.00

Egg parasites 10.00 9.50

Intrinsic factors 80.00 68.40

Larval parasites 60.00 10.20

Agricultural factors 30.00 2.05

Pupal parasites 10.00 0.47

Meteorological factors 54.86 2.30

Eggs at deposition . .

.

Eggs after deposition

Young larvae

Mature larvae

Mature larvae

Pupae
Adults

The fact that a mortality of 54.86 per cent among the adults should

make a difference of only 2.3 per cent in the population of the cycle is

striking.

Thompson then proceeds to calculate the effect of removing the

parasites which caused a 10 per cent mortality among the eggs, a 60 per

cent mortality of the larvae and a 10 per cent mortality of the pupae.

While the sum of these three amounts to 80 per cent, it makes only a

difference of 4 per cent in the total mortality of the cycle. From this

he concludes: "The absence of the parasites would allow the escape for

reproduction of only two additional females per hundred.' ' It is worth-

while to note that these two extra females would give rise to an extra

200 eggs, making a total of 300 eggs to start the next life cycle instead

of the 100 with which he started his calculation.

In many cases the measurement of the total resistance may be of the

greatest importance and in certain cases it would be impossible to cal-

culate the total resistance on the basis of any measurement of the resist-

ance to the different stages of the life cycle. Obviously the greatest

progress is to be made by combining analytic work in a laboratory where

resistance is determined down to the finest point both from the standpoint

of the environment and the organism, and observations and measurements

in the field where the total conditions are to be met with. When the

results of these two types of investigation are in harmony, it may be

assumed that the essential facts of the situation are known. When there

is a discrepancy between the two types of information, it may be assumed

that there is some unknown resistance which has not yet been determined.

Attention may now be turned to the consideration of the various

types of biotic resistance which may be encountered in the environment.

Attention has been called by some authors to the practical value of various

organisms in regulating populations of insects (Forbes, 1883, and others).
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Robin Catbird

This work has had a tendency towards certain more or less quantitative

field observations and the formulation of general principles. There has

been a tendency towards the production of generalizations with regard to

the balance of nature on the one hand, and the attempt at the control of

numbers of organisms of economic impor-

tance on the other. The general situation in

regard to the balance of nature in connec-

tion with mammals has recently been empha-

sized by Grinnell (1928), and has been given

a rather full treatment by Elton (1927).

The problem has also received attention

from those interested in a more formal mathe-

matical expression. The authors have been

both mathematicians and biologists, such

as Muir (1914), Thompson (1922 to 1924),

Lotka (1925), D'Ancona (1927), Peres (1927),

and Volterra (see Appendix) . These authors

have been interested primarily in the mathe-

matical theory of population change, and

the state of moving equilibria in natural

systems. All of these various attempts have,

in general, recognized the necessity for accep-

ting a potential rate of increase for a species,

and expressing the action of the environ-

mental factors in terms of the change of the

trend of population. The biologists have

used simple arithmetical formulae having to

do with the number of generations of

organisms, while the mathematicians have been inclined to use the

compound interest law, or some modification of it, to follow the trend of

population.

Mathematically, one of the simplest cases which we have is that of

one species which feeds upon another. This may represent the relation-

ships of predator and prey, or of insect parasites and insect hosts. In the

case of insects, the distinction is usually made on the basis of whether

the predator attacks one host or many hosts; but if it attacks a single

host for the support of its entire life cycle, it is usually classed as an insect

parasite. Forbes (1883) turned his attention to the action of predators

in maintaining the state of equilibrium in nature. He made a comparison

of environments in which the numbers of insects were normal, so far as

could be determined, and conditions in which there were outbreaks of

insects. A study was made of the food which was consumed by birds in

these two types of environments (Fig. 64) . The accompanying histograms
show the general nature of the results, which tend to show that the total

^ Proportion usual in May

H| Proportion in infested orchard

Fig. 64.—The food of birds

from an infested orchard com-
pared with the usual food during
the month of May. There is a
slight increase in the percentage
of all insects in the total food and
a significant increase in the per-

centage of Lepidoptera and Coleo-
ptera in the food of the birds from
the infested orchard. (Forbes,

1883.)
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per cent of insects in the food is higher in orchards in which there were

outbreaks of insects than in other environments ; and also that the various

birds tended to consume more of the abundant species than they did of

the others. Forbes considered that this showed that the birds should

have a considerable regulatory action in that they would eat the largest

numbers of species which were abundant and thus permit species which

were low in numbers to increase, while those that were high in numbers

would be brought down towards an equilibrium stage. Bryant (1912)

made a study of the grasshoppers eaten by birds in areas where there

were different grasshoppers populations known to be present. He found

that birds ate 120,453 grasshoppers per square mile, when the population

of grasshoppers was 20 or 30 per square yard or 635,000,000,000 per

square mile. This represents 0.019 per cent of the population eaten by

the birds per day.

Muir (1914) considered a theoretical example which postulates a

constant number of the total of three species present in an environment,

and also a differential action of a predator on the three species so that

during the larval stage of species A none of the larvae were destroyed

;

25 per cent of those of species B; and 50 per cent of the larvae of species

C. In his calculation he maintained the sum total of species A, B, and

C as a constant number, and followed the trend of each individual species

to show the rate at which species A would supplant species B and C.

The following graph illustrates the trend which he found from his calcula-

tion (Fig. 65). This is, of course, a case of unstable equilibrium which is

tending rapidly to the establishment of one species and the exclusion of

others. It may, however, be taken to represent a species which has been

introduced into an environment, and has the advantage over two native

species in that it is exempt from predators.

Muir (1914) has also represented the case of unstable equilibrium

with a parasite and a host. The rates of reproduction are assumed to

be the same in both parasite and host; and the assumption is made chat

each parasite destroys a host and that there is no duplication of para-

sitism. The accompanying graph follows the trend of the population

of the host and parasite, starting with the host free from parasites for the

first four generations (Fig. 66). After this the parasite is introduced, and

the rate of reproduction in the parasite is the same as that of the host.

Seven generations after the parasite is started, it equals the host in

numbers; but, nevertheless, the host population tends to increase up to

within two generations of the time when it entirely disappears. This is

interesting as a case of unstable equilibrium in which the effect on the

host is not superficially noticeable up to the time when it is about to

be entirely eliminated. It is possible that certain sudden fluctuations

in numbers in nature are due to actions of this kind, where the significance

of relative numbers of host and parasite are not realized, until the point
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is passed in which the parasite equals the number of its host and the

sudden change comes about. Such conditions, however, are probably

the exception rather than the rule in nature. A more stable equilibrium

is undoubtedly the rule.

There is some advantage in following these theoretical considerations

of the actions of parasites and hosts if for no other reason than that they

can call attention to the relative value of the various factors which must
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Fig. 65.—The theoretical trend of three species whose total population remains
constant at 60; 50 per cent of the larvae of species C are destroyed by predators in each
generation, 25 per cent of species B, and none of species A. (Adapted from Muir, 1914.)

Fig. 66.—A hypothetical case of the effect of a parasite on the population of a host.

A, host; four young and sexes equal. Population trend without parasites. B, parasite;

four young and sexes equal. Each one causes the death of one mature host. C, trend of

the host population as a result of the action of the parasites. The parasite starts at the
fourth generation of the host and lays four eggs with the result that only 28 out of a possible

32 hosts develop. If this continued the host would become extinct very suddenly in the
eleventh generation. (Muir, 1914.)

be involved in the expressions, and thus to an appreciation of the advan-

tages of various adaptations.

Thompson (1922 and 1924) has proposed a formula for the calculation

of the number of generations required for the termination of such an

unstable state of equilibrium as is indicated above. Such calculations

are as yet theoretical, but they have great possibilities.

A slight modification of Thompson's formula for calculating the

number of generations required for a parasite to overtake a host is

presented. The example is as follows:

n = the original population of the host.

I = the sex ratio of the host.
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h = the number of young produced by each female host.

p = the original population of the parasite.

/ = the sex ratio of the parasite.

s = the number of young produced by each female parasite.

The calculation may be simplified by combining the sex ratio and the number of

young produced as a sort of expression of the biotic potential and thus have one

character to handle rather than two.

Ih = w = rate of reproduction (reproductive potential) of the host.

fs ='z = rate of reproduction (reproductive potential) of the parasite.

nw = the number of hosts after the first reproduction.

Then

pz = the number of parasites after the first reproduction.

nw — pz = the number of surviving hosts after the first generation.

pz2 = the number of parasites after the second reproduction.

(nw — pz)(w) = the number of hosts after the second reproduction.

(nw 2 — pzw) — pz 2 = the number of surviving hosts after the second generation.

To solve for (nivk
~

) — pzk
, where k = the number of generations until the

population of parasites will equal the number of hosts, the calculation may be simpli-

fied and reduced to the following:

o = -
w
Z

B= ZP

k =

n(z — w) + zp

log B
logO

In this case it is assumed that there is no duplication in parasitizing the

host. It is also assumed that each egg of the parasite is laid in a host

and that each host is killed after being so parasitized.

The formula thus represents the increment of difference in the biotic

potential of the host and the parasite, and will obviously hold for condi-

tions in which the value for reproductive potential of the parasite is

greater than the reproductive potential of the host. If the converse

were true, it would be impossible for a time to come when the parasite

population would equal the host population. In a case where the two

potentials are equal, the increment of difference in the two values for the

biotic potential is reduced to zero ; and the number of generations required

for the host to overtake the parasite may be determined by dividing the

host population by the parasite population.

In this simple case we have been able to calculate the value of the

parasite as environmental resistance to the biotic potential of the host.

It is true that we have made certain assumptions as to the lack of duplica-

tion on the part of the parasite, but this and similar factors may be taken

care of by determining the per cent of duplication which normally takes

place. It also assumes that the host population is continually increasing,

which is contrary to the normal condition of equilibrium.



SYNECOLOGY 211

Thompson (1924) has made considerable progress in calculating the

value of hazards in the life of the parasite. As stated above, however,

the formula as presented does not take care of the case of stable equilib-

rium between the parasite and host. There is a great practical value

even in this calculation. According to Thompson it would require 19

generations for 1,000 individuals of the parasite, Liparis dispar, to exter-

minate 1,000,000,000 hosts when the parasite is reproducing twice as

fast as the host. Even under these conditions, 10 per cent or less of the

host would be attacked up to the 16th generation. Without a method

of calculation, there would be no way of knowing whether the parasite

was making satisfactory progress when, after 15 generations the per

cent of parasitism was still below 10 per cent.

From our study of insects of economic importance, we now know
very well that there are many cases in which the numbers of parasites

do not reach a large per cent of those of the host. They seem to come to

an equilibrium, when the numbers of the host have not been materially

affected. Attention has been called to this by Chamberlin in the case

of the alfalfa weevil; and there are many other cases now well known
which seem to substantiate the hypothesis that in nature, ordinarily,

things come to a state of at least semi-stable equilibrium.

Lotka (1925) illustrates a state of stable equilibrium by the use of

the population of the United States and the population of sheep which it

uses for part of its food. This example has been chosen because the

quantitative data were at hand and it seemed to satisfy the conditions

of such an equilibrium. Lotka gave this formal expression in the follow-

ing way:

Ai otifVf otifVf

The human population which consumes the sheep is represented by X t
=

103,587,955 individuals. The population of sheep which serves as food is represented

by Xf = 48,873,000 individuals. The quantity of sheep eaten by each human
individual per year is represented by Vi/Ui = 0.1096 individual sheep. The per cent

of the standing population of sheep slaughtered each year is represented by a/tVi

= 0.2322.

The state of equilibrium would, therefore, be represented by:

_ 0.1096
f 0.2322 *

= 0.4718X;.

Xi = 103,587,955,

Hence

Xf = 0.4718(103,587,955),

Xf = 48,873,000.

The population of the predators is, therefore, multiplied by a coeffi-

cient which expresses the ratio of the number of individuals of the prey
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consumed by each individual predator, to the per cent of the standing

population of prey consumed by the entire population by predators. If

the product of this coefficient and the population of the predators is not

equal to the population of the prey, the condition is not that of stable

equilibrium.

It will be noticed that two ratios are involved. One is the number
of individuals of the prey consumed by each individual predator; i.e.,

the number of sheep eaten by each individual of the human population.

The other is the per cent of the population of the prey which is eaten

each year by the entire population of the predator or the human popula-

tion. We may then translate his formula into an expression where we
will write as the numerator of the fraction the number of prey eaten by
each individual predator in a unit of time, and as the denominator the

per cent of the population of prey eaten by the total population of the

predators in a unit of time. If we then multiply the total population of

the predator by this fraction, the product should be equal to the popula-

tion of the prey. If it is not equal to the population of the prey, it

indicates that there is an unstable state of equilibrium: either that the

predator is eating a larger portion of the prey than it should in a case of

equilibrium, or else it is eating a smaller portion than it should at equilib-

rium. No account is taken of the increase of the sheep population.

Volterra (see Appendix) has developed the mathematical theory

of equilibrium between host and parasite, competitors for the same

food, and for any relationship which one species may have to any other

which is living in the same habitat with it.

THE ACTION OF COMPETITORS

The action of competitors is not as simple to handle with our present

information as that of prey and predator, or parasite and host. However,

its significance in biotic communities may be just as great or even greater.

There may be many manifestations of competition. It may result in

competition for food, or for space, or for mates. The individuals or

species which succeed in competition may do so because of sheer numbers,

because of their ability to overpower their competitors, because of their

ability to develop more rapidly than their competitors, or because of a

whole series of biological functions which may result in their superiority.

Careful studies of the analysis of definite cases of competition are neces-

sary in order to determine whether we have general principles applying

in all cases.

Competition has been considered one of the most important factors

in determining the composition of plant associations (Clements, 1916).

From the time of Malthus it has been considered that the populations

of nations were to be limited by the competition of the individual com-

ponents for space and food. Pearl (1925) studied the populations of
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Drosophila in a milk bottle, and considered the nature of the rate of

population growth to be fundamental to the growth of all populations,

and superimposed the growth curves of the populations of nations on the

curve for Drosophila in a milk bottle.

There are many factors involved even in the increase of the population

of a Drosophila culture; for the flies are dependent upon a population

of microorganisms, which are in turn dependent upon certain physical

conditions of the environment. Yet the condition is one of competi-

tion; and it is interesting to note that the rate of increase is slowed as the

population grows and the competition becomes greater. The curve

approaches an asymptote which represents a condition of starvation.

Fig. 67.—Population trend of Tribolium confusum at 32°C. and 75 per cent of relative
humidity.

Pearl et al (1923) found that the different mutants of Drosophila had
different abilities as to the concentration which they might attain in a
milk bottle.

The case of competition in the limited environment of individuals

of the same species, Tribolium confusum, has already been referred to.

This case is simple in many ways, yet complicated in the calculation

of the incidents of the larvae and adults with the pupae and eggs.

The constancy of the general result of this competition, however, is

attested by the following graphs, each of which represents duplicate

experiments. One set run at 32°C. and 73 per cent of relative humidity,
and the other at 27°C. with the same relative humidity. The fact that
duplicate populations follow so closely the same course indicates that they
must be following definite laws (Figs. 67 and 68).

The fundamental regularity of this competition is very striking.

These curves, however, represent merely the attainment of the state
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of equilibrium. During this early stage of population growth, the events

may be calculated on the basis of the physical factors. The appearance

of eggs, larvae, pupae, and adults all follows as would be expected. As

the saturation point is reached and the population begins to oscillate

about the state of equilibrium, the biotic factors become of primary

importance. The results of the study of this state of equilibrium are not

yet available for consideration.

Another example of the action of competitors is furnished by the

work of Pemberton and Willard (1918a and b) on the parasites of the

Mediterranean fruit-flies, Ceratitis capipata. Of a number of species of

Days

Fig. 68.—Population trend of Tribolium confusum at 27°C. and 75 per cent of relative

humidity.

parasites which were introduced into the Hawaiian Islands for the control

of the fruit fly, Optus humilis, demonstrated that it was the most efficient

parasite as measured by the per cent of hosts which it was able to parasit-

ize. Another parasite, Dichasma tryoni, was less efficient than Opius,

so far as the number of hosts which it was able to reach was concerned.

It was found that these two parasites oviposited in the same hosts in many

cases which resulted in competition between the larvae of the two species.

In case of such competition, Dichasma was able to overcome Opius.

The result was that when these two parasites competed, the less efficient

of the two survived. Thus efficiency in survival and efficiency in destroy-

ing hosts were not the same. In discussing the results of their study of

these parasites the authors say:

If one species of larval parasite when working alone parasitizes 60 per cent

of the host, and another species not strikingly different from the first and working

the same in every known respect parasitizes 40 per cent of the host when working
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alone, there is no reason to assume that both combined can exceed a parasitism

of 60 per cent. All overlapping by the species capable of only 40 per cent

parasitism can only serve to reduce the total effect to a point below 60 per cent of

parasitism

Further results on the study of these parasites are to be watched

with interest. Smith (1929) takes exception to the conclusion that

the combination of the two parasites will either reduce or retard the

control of the host. He does not believe that the per cent of parasitism

will be lower at equilibrium with the two than with Optus alone. The
question can be settled only by careful observation and experimentation.

Studies are also being made on many other forms of economic importance

;

and it may be expected that we shall revise many of our views of the

action of organisms in biotic equilibrium on the basis of the practical

results which shall be gathered. The study of the equilibrium of biotic

systems is undoubtedly one of the most fertile in the field of ecology,

and the results which will be obtained from the methods of observation

in the field and from theoretical calculation are going to contribute much
to our knowledge. It will be necessary to maintain an open mind, and

to accept both types of information with the hope that the coordination of

these types of information is going to contribute to the progress of our

understanding of such phenomena.

Attention must now be called to the various papers by Volterra

which are cited in the Bibliography and the Appendix, which give a

general summary of the work. Becoming interested in the theory of

biotic equilibrium through the statistics gathered by D'Ancona in the

study of the ratios of various predatory fish in the Adriatic Sea, Volterra

came to develop a series of equations representing the various phases of

biotic equilibrium (see Appendix). Putting aside for the moment
the practicability of the use of such calculations in determining the rela-

tive abundance of organisms in the field, it is interesting to note the devel-

opment of the theory beginning with the biological association of two

species which depend on the same food, and proceeding to the association

of two species one of which feeds upon another. He adds one complica-

tion after another to the association, until he eventually deals with the

association of any number whatever of species some of which contend for

the same food and some of which feed upon others.

In the course of these theorems he develops what he calls the funda-

mental laws of fluctuations of two species living together which are,

First, the law of periodic cycle

—

The fluctuations of two species are periodic;

and the period depends solely upon the coefficients of increase and decrease,

and the initial conditions. Second, the law of the conservation of the

averages

—

The averages of the number of individuals of two species are

constant whatever may be the initial values of the numbers of individuals

of the two species, just so long as the coefficient of increase and decrease
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of the two species and that of protection and offense remain constant. Third,

the law of the disturbance of the averages

—

If an attempt is made to

destroy the individuals of two species uniformly and in proportion to their

numbers, the average of the number of individuals of the species that is eaten

increases, and that of the individuals feeding upon the other diminishes.

The author devotes a special section of his paper to a consideration

of the limitations of the last law of the disturbance of averages. It is

interesting to note, however, the possibility that the destruction of a

whole section of a population of hosts and parasites may result in a

subsequent relative increase of the host, and a relative decrease of the

parasite. Another fundamental consideration to be drawn from these

deductions is that there may be fluctuations in the biotic systems which

are due solely to the components of the biotic system. Biologists usually

look to the outside for great physical catastrophes to account for fluctua-

tions in the population. It is undoubtedly true that such fluctuations

in the physical factors of the environment are often causes of biotic

fluctuation, but the fact must not be overlooked that the biotic system

itself may set up a series of fluctuations which are entirely characteristic

to itself.

The publication of these mathematical considerations seems quite

analogous to the publications of Willard Gibbs in the field of physical

chemistry in which he gave a purely mathematical treatment to the

phenomena of physical systems. At the time of his publication it was

not considered that his theories had any practical value; however, they

subsequently formed the foundation of the science of physical chemistry.

Similarly, today, biologists in general find little of practical importance

in these theoretical considerations, but undoubtedly in the course of the

quantitative development of ecology, they are going to form a very firm

part of the foundation for our future science. There seem, therefore,

to be three great necessities for advancement in our understanding of the

equilibrium of biotic systems: first, the collection and bringing together

of facts from nature giving the quantitative expression of the relative

abundance of animals and their inter-relations; second, the following of

the mathematical theory of the possibilities of biotic systems; and, third,

and possibly most important, the coordination of the mathematical

theory with the facts as gathered from nature. When the foundation

has been properly laid and the fundamental generalizations are before us,

we will probably enter upon one of the most important fields of biological

science which will be highly theoretical, highly quantitative, and highly

practical.

In the conclusion of the section on biotic potential and environmental

resistance, it may be said that our present knowledge seems to extend to

the frontier between the descriptive matter of the naturalists' observations,

and the quantitative data which are susceptible to calculation by the
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mathematician. The field of descriptive observation has been so well

surveyed that we have spent little time on it in this volume, which is

concerned largely with the borderlines of knowledge. In the field of

quantitative knowledge and calculation which lies just ahead of us, the

facts now known are so few and so widely scattered that our discussion

of it cannot be complete. In fact, as we look from one isolated piece of

work to another, they seem so far apart that we are inclined to wonder

whether they all belong to the same field. It has been felt that the

various attempts at quantitative methods which have been presented and

others which are scattered through the literature do belong to the same

field and that the day will come when new facts will have been assembled

to fill in the interspaces and the entire field of ecology will appear as a

unit to us. The inherent ability of a species to reproduce and maintain

itself, on the one hand ; and the adverse physical and biotic conditions of

the environment, which involve temperature extremes, food, enemies,

and other factors which have been portrayed by naturalists in their

descriptions of the struggle for existence, on the other hand, are just the

beginnings of quantitative considerations.

We have now come to the period when the potential of the organism

and the resistance of the environment are to be measured, and predictions

of future conditions are to be calculated on the basis of these measure-

ments. This does not mean that the descriptive results which have

been gleaned by the naturalists are to be discarded. It is quite the con-

trary. They are to form the very foundation upon which the quantita-

tive knowledge will be built. In fact, many of our quantitative methods
are nothing more than refinements to be used in evaluating the observa-

tions which naturalists have made.
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CHAPTER X

CHOROLOGY, DISTRIBUTION IN SPACE OR ZOOGEOGRAPHY

Animal chorology or zoogeography concerns itself with the distribu-

tion of faunas over the face of the earth. The accumulation of facts and

general principles in this branch of zoology in the last quarter of a century

well justifies this special category in the field of general zoology to cover

this subject. The student is referred to the recent publication of Dahl

(1921), Olbricht (1923), Hesse (1924), and Elton (1927) for general

consideration of the field and an introduction to its literature. The
student of ecology will find his viewpoint particularly well represented

in Hesse's volume. No attempt will be made to include in this discussion

all that Hesse has considered in his 600 pages, or to include in the bibliog-

raphy the hundreds of books and journals which he has so well

summarized.

The earliest attempts of the study of a geographic distribution of

animals were concerned with continental areas and followed the genetic

development of faunas. The classical work of Wallace (1876) was

dominated by an interest in the phylogeny of animal groups. This

author divided the world into six great regions which are probably still

the best-known faunal areas, and are widely used by taxonomists describ-

ing the distribution of species of all groups of animals (Fig. 69). A study

of the map, and the terms applied to these regions and sub-regions, will

show that the method of division of the world into these areas was not a

purely ecological one. The great physical barriers of continental areas,

mountain ranges, and seas often determine the possibility of animals

being present to occupy favorable environmental conditions. The
centers from which phylogenetic groups of animals have been dis-

tributed also determine the possibilities of various species being forced

to occupy certain favorable environments. Attention has been called

to this by Adams (1905). The influence of glaciation at successive

epochs in the history of the earth also imposed certain great faunal

restrictions which are still evident in the composition of the fauna of

various areas.

Kennedy (1928) believes that there is a correlation between the evolu-

tionary level of species and the type of environment which they may
occupy. He believes that primitive insects usually have a low rate of

metabolism, while very modern insects have a high rate. He says

:

We can classify environments by their energy intensities. A hot sun-baked

environment has a greater energy intensity than a cold, lightless one. The
219
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tropics have a greater energy intensity than the boreal regions. The hot and

light middle of the day has a greater energy intensity than the cool dark night.

The series of insects, from the slow with low metabolism to fast with high metabo-

lism, tends to be found in environments of parallel-energy intensities. The slow

insects, usually primitive, occur in cool environments of low-energy intensity, in

environments that are cool and shady, or even dark, while the fast insects—
usually modern types—occur in the light, hot environments of high-energy

intensity, such as the tropics, the mid-summer, or the mid-day.

The next step in the study of animal geography was the consideration

of the distribution and significance of climatic factors, such as the physical

Fig. 69.—Wallace's faunal regions of the world.

factors of temperature, moisture, etc. It may be permissible to pass over

the early history of this work in which temperature received the main

consideration, and to cite as more or less typical of these attempts the

work of Merriam (1898, and subsequently). The geographic distribution

of various temperature areas is very obvious from the mere fact that the

earth is a sphere, and that it receives more energy from solar radiation

at the equator than at the poles. To this must be added the modifying

influence of the seas, with their currents of warm water which warm the

shores of temperate and even polar continents.

Merriam (1898) formulated certain principles which he designated

as the laws of temperature control of the distribution of animals as follows

:

Animals are restricted in their northern distribution by the total quantity

of heat during the season of growth and reproduction. The southern ransre:
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animals are restricted in their southern range by the mean temperature of a

brief period covering the hottest part of the year.

130°

LowerAustral

GulfStripof -30*
LowerAuatral

The doffedpartsofthe Lustra/Zones

east ofthe GreatPlains indicate the extent ,,„
ofthe humiddivisionsoftheseZones. -~~\lO

known respectively as theAlleghaman
andAastronparian Faunas The undof-
tedparts ofthe sameZones areknown
as the Transition, UpperSonoran^ andLowerSonoran

Fig. 70.—Life zones in the United States. {After Merriam.)

After a study of the conformity of groups of animals to the temperate

conditions in North America, Merriam divided the area into regions and

zones which he characterized by their temperatures as follows:

Zones

Governing temperatures

Regions
Northern limit,

sum of normal mean
daily temp, above

43°F.i

Southern limit,

normal mean temp.,

6 hottest weeks,

°F.

Boreal Arctic

Hudsonian

Canadian

Transition

Upper austral

Lower austral

10,000

11,500

18,000

26,000

50.0

Boreal 57.2

Boreal 64.4

Austral 71.6

Austral 78.8

Austral

Tropical

1 A precaution must be used in making calculations as described by Merriam (1894) in computing

the normal mean temperature above 43°F. for the various zones. Merriam took the mean temperature

in degrees Fahrenheit per day, beginning in tne spring with the first day which was above 43°F. f and
continuing until fall, when the temperature of the day dropped below 43°. He consequently used the

total mean temperature of the day, and not the daily temperature minus 43°F., as might be interpreted

from his statement. The sum of the temperatures, therefore, can not be transferred directly into degrees

centigrade as was done by Merriam; for in so doing, he neglected the fact, that the centigrade scale

starts at the freezing point of water, and the Fahrenheit scale, 32° below this.
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It will be noticed that no account is taken of the extremes of low

temperature in controlling the northern distribution of organisms. This,

as has been pointed out by Sanderson (1908), may be an important

limiting factor in determining the northern distribution of animals,

particularly poiklortherms, to which the insects belong.

The plant and animal ecologists have been quick to call attention

to the fact that the geographic distributions of organisms cannot be

ascribed to the influence of temperature alone. The plant ecologists and
others, Livingston and Schreve (1921), and Ward (1925), have stressed the

Fig. 71. -Ward's rainfall types of the United States. {Adapted from Ward, 1925,

F. G. Holdaway.)
by

importance of moisture in influencing the distribution of vegetation

(Fig. 71). This is particularly true on the continent of North America,

as one goes over the central plains from either coast.

Shelford (1911) emphasized the importance of various factors and

the necessity for recognizing the operation of the law of minimum,
whereby one factor might limit the distribution of a species. It may be

recognized that, other things being equal, the distribution of animals may
be an expression of the physical factors of the environment including in

these physical factors all those reactional factors due to the effect of the

biotic environment. Therefore, if we understood fully the distribution

of the physical factors of the environment and the ecological valence of an

organism we could place it for its geographic distribution, and if we knew
its biotic potential we could determine its relative abundance.

Hopkins (1918, 1919, 1920, 1921) has given particular attention to the

effects of latitude, longitude, and altitude on the occurrence of periodic
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phenomena. His interest in this problem was aroused while studying

bark beetles in the south eastern part of the United States. The study

of periodic phenomena or phenology is very old. Hopkins (1918) gives

a brief review of the subject in which he says that Pliny credits Caesar

with having issued a calendar of periodic events for the guidance of

farmers.

The main conclusions of Hopkins (1918) are as follows:

1. The periodical phenomena of plants and animals are in response to the

influence of all of the complex factors and elements of the climate as controlled,

primarily, by the motions of the earth and its position relative to the influences

of solar radiation.

2. The variations in the climate and consequent variations in the geographic

distribution and periodical activities of plants and animals of a continent are

controlled by the modifying influences of topography, oceans, lakes, large rivers,

and of other regional and local conditions, and the amount and character of

daylight, sunshine, rain, snow, humidity, and other elements and factors of a

general and local nature.

3. There is a tendency toward a constant rate of variation in the climatic

and biological conditions of a continent, as a whole in direct proportion to varia-

tion in geographical position as defined by the three geographical coordinates:

latitude, longitude, and altitude.

4. Other conditions being equal, the variation in the time of occurrence of a

given periodical event in life activity in temperate North America is at a general

average rate of four days to each 1° lat., 5° long, and 400 feet altitude, later

northward, eastward and upward in the spring and early summer, and the reverse

in late summer and autumn.

5. Owing to the fact that all conditions are never exactly equal in two or more
biological or climatic regions of the continent, and rarely alike in two or more
places within the same region or locality, there are always departures from the

theoretical time constant.

6. The departures, in number of days from a theoretical time constant, are

in direct relation to the intensity of the controlling influences. Therefore the

constant, as expressed in the time coordinates of the low, is a measure of the

intensity of the influences.

From this statement it appears that there are two applications to be
made. One may calculate the time when a periodical event may be
expected to take place by starting from another point where the time of

the event is known, and applying the rule with respect to latitude, longi-

tude, and altitude. It is also possible to measure the influence of local

factors, since it is assumed that all departures from the calculated dates

are due to such local factors.

To facilitate the use of the "law," Hopkins (1918) has prepared maps
with isophanes (lines of equal periodical events) which proceed across

North America from the Atlantic to the Pacific in a northwestward curve
at the rate of 1° lat. to 5° long. Their position and numbers correspond
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to latitude on the 100th meridian of longitude. Phenomeridians are

also drawn at intervals to represent 1° or more of longitude, according

to the intervals of the isophanes on the map to which they are applied

at the rate of 5 to 1. An arbitrary base for the phenological meridians

lies at the intersection of the 125th meridian of longitude which is at the

intersection of the northern border of the United States and the Pacific

Coast. This phenological meridian is designated as zero, and from it the

others are numbered both east and west (Fig. 72).

Adjustable and computing calendars and tables for making corrections

for altitude have been devised for use in predicting the dates for planting

Fig. 72.—Isophanes and phenological meridians for the United States. The figures in

the quadrangles indicate the departures of the calculated dates from the actual dates for the

time of seeding wheat (upper figure) and of harvesting (lower figure). (Hopkins, 1918.)

crops and controlling insects. Practical use of this "law " has been made

in computing the " fly-free date" for planting wheat to escape the Hessian

fly.

It would seem that the trend of the isophanes in a northwestern and

southeastern direction across the United States reflected the influence

of the warm ocean currents of the Pacific, and the cool waters of the

North Atlantic Coast.

In animal ecology we are further removed from the physical factors

than in the case of plant ecology. In natural environments at least,

animals are largely controlled by the plant communities in which they

live. They are either directly dependent upon the plants for food, or

they experience the physical conditions which are brought about by the
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reaction of a plant community. The animal ecologists may, therefore,

turn some attention to the results of the students of plant geography.

Maps showing not only the distribution of temperature, of rainfall, evapo-

ration, and the ratio of evaporation and rainfall but also showing the dis-

tribution of plants (Shelford, Jones, and Dice, 1926) form a valuable

background to the beginning of the study of the distribution of animals.

^k.\

ffli WinterRainRegion (SJU ^ese/f

n|5^

-j™ SemiDesert™ (ThornSavannah)

r^n SmallGrass and
"--4 SwampAreas
e=^ Mt ConiferousForest
^^ All Types

HHj PoplarOakSavannah

111 TemperateDeciduous §§ N.ConiferousFbrest MB Tundra

EM Steppe(Temperate) [o] ExtremeDesert IH SE.Coniferousfbresf

MixedConiferous Bfl N.W.ConiferousForestm andDecidaousForestm mCbnifenousfbresf

-J—. SemiDesertGrassland™ (A/s/> Steppe)

Fig. 73.—Biotic areas of North America. (Shelford, Jones, and Dice, 1926.)

Dahl (1921) has divided the world into regions and provinces on the

basis of environmental and faunal characteristics. When such wide

areas are considered there are many factors of local distribution which

must necessarily be disregarded. For instance, he has divided the world

into four regions for the land and fresh-water animals, and has included

all of Europe, Asia, and North America in one region which he terms

Arktogaisches Reich. To this he has added the distribution of environ-

mental conditions, such as wooded and agricultural lands, deserts, steppes

and tundra, tree steppes, and mountainous regions over 2,000 m.

Olbricht (1923) considered the effect of climate both with respect to

the present geographic distribution of animals and to the phylogeny of

faunas. He follows Huntington (1922) in the descriptions of climatic
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energy and proposes the term Isobionen to designate the lines of equal

decrease of climatic energy which he has drawn over the maps of the

earth. The "ophelothermal" region of the northern continents is

described by Olbricht as being a region which, because of its climatic

conditions, has brought about the greatest development of higher organ-

isms. This region he believes represents the biotic height of the earth.

Ball (1910) introduced a new method for the measurement of climate

as a characteristic of geographic areas which has been a stimulus to

investigations of the geographic distribution of organisms. His method
of plotting the mean monthly temperature and the mean monthly

relative humidity has been called the climograph method (Taylor, 1916).

In this method the temperature is plotted against relative humidity, and

a point used to represent the mean temperature and the mean relative

humidity for each of the twelve months of the year. When these points

are connected up and labeled, it is possible to see the succession of tem-

perature and humidity conditions throughout the year. The method
facilitates the comparison of one climate with another, for one climograph

may be superimposed upon another; and it is possible at a glance to see

the similarities and dissimilarities in the temperature, the moisture, and

the succession of the conditions. Localities which have essentially the

same mean annual temperature and the same mean annual moisture

may have strikingly different climographs due to differences in the dis-

tribution of these conditions throughout the year.

In a study of conditions of human settlement in Australia, Taylor

(1916) constructed a standard white-race climograph from the average of

the monthly conditions for several large cities of the eastern, western,

southern, and northern hemispheres. This white-race climograph was
then used as a standard of comparison, by superimposing upon it the

climograph of any locality which was to be studied as a possible environ-

ment for white men. This resulted in the setting up of a standard meas-

ure of physical environments for a given species.

Taylor (1919) proposed the term " hythergraph " for a similar diagram

of temperature and monthly precipitation. The term "hyther" was

originally proposed by Walker to mean " comfort " and was used in con-

nection with a comfort scale. Inasmuch, as Taylor does not refer to

Walker and the previous use of the term "hyther," it seems possible that

he re-invented the word for his own purpose. There °may be some ques-

tion therefore as to the standing of the term " hythergraph" and the

question may also be raised as to whether it is necessary to have one

term for a graph using temperature and relative humidity, and another

term for a graph using temperature and precipitation. It is obviously

necessary to label (the two dimensions of every graph in degrees Fahren-

heit and inches precipitation or percent of relative humidity, which does

away with the necessity for a special term.
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In Taylor's study of the suitability of various areas for growing certain

economic plants, he has called attention to'^bhe value of the climograph

in that it indicates the portions of the year which are comparable in the

two environments being examinedj In the study of the wheat areas of

the world, for example, it was found that in the tropical wheat areas the

conditions which obtain during the winter are similar to those which

obtain during the early spring in temperate wheat areas. It is during

these two comparable periods that the wheat is raised in the two climates,

regardless of the times of the year in which these comparable conditions

may occur. The climograph has rapidly come into general use for the

description of the physical conditions of an environment. It is possible

to make a theoretical climograph to represent the optimum or normal

conditions for a species, another to represent the zone of rare occurrence,

and then to outline the limits beyond which the species theoretically will

not be found.

In making such studies, it is necessary to know rather well the ecology

of the species concerned, and to make sure whether the distribution is

coincident with its host plant or whether it is directly affected by the

physical conditions which are measured by the climograph. It is also

necessary to pay particular attention to certain critical periods of the

year, such as the period of flight of the adult insects for mating, during

the period of the development of the egg ; and that of the development of

the larva, anyone of which may be of more importance than all of the

rest of the year together. A slight deviation from the ideal conditions

during the critical period may be of extreme importance, while large

deviations during other periods of the year may have no significance

whatever.

Attention will be called to the following examples of the use of this

method. Cook (1923) adopted a curve representing the optimum tem-

perature and precipitation for the pale western cutworm, Porosogrotis

orthogonia, superimposed this on climographs, and used it as the standard

of comparison of climatic conditions in different areas. This curve was
adopted as representing, theoretically, the necessary balance between

temperature and precipitation to maintain a constant soil moisture

representing the optimum conditions for the pale western cutworm.

Since the soil moisture is dependent to a considerable extent upon the

evaporating power of the air, and since the vapor pressure of water at

various temperatures follows an exponential curve when plotted against

temperature, it has seemed that a curve of this same nature would express

the moisture condition of the soil.

In Fig. 74 of the accompanying graph, this curve is shown super-

imposed upon the climographs of various other localities. From a study

of these climographs, a map was constructed on the basis of the conform-

ity of the climate to the curve of optimum conditions for the pale western
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Fig. 74.—Curve of optimum temperature and moisture condition for the pale western
cutworm (Porosagrotis orthogonia) superimposed on the climographs of various regions.

(Cook, 1924.)
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Fig. 75.- Map showing the distribution of the pale western cutworm, based on the climo-

graphs shown in Fig. 74.
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cutworm. This map is reproduced below with characters to represent the

results of actual collections of Porosogrotis which were made for a compari-

son with the theoretical results of the climographs. It will be noted that

there are but seven recorded captures outside of the areas in which the

climographs would indicate the possible presence of the cutworms.

Cook (1924 and 1929) made a comparative study of the pale western

cutworm, Porosagrotis orthogonia, the variegated cutworm, Lycophotia

margaritosa, and the army worm, Cirphis unipunctata. In Fig. 76 the

curves representing the optimum conditions of these three species are

superimposed on the climographs of

Glasgow, Mont.; Ithaca, N. Y. ; and

Jacksonville, Fla. It can readily be

seen that in the climograph none of

the species correspond with that of

Jacksonville. This is in accordance

with the facts, for none of the species

is found there. It is also evident that

the pale western cutworm should be

found only in Glasgow, which is again in

accordance with the facts of the case.

The variegated cutworm is normally

present at Ithaca, and not at Glasgow.

The army worm is not normally present

at Ithaca, but it was pointed out by
Fitch (1860) that it does occur there

following dry years; i.e., the climate of

12 3 4 5 6
»— Precipitation, Inches-*-

Fig. 76.—Climatological relations

of certain Noctuidae. A curve repre-

senting the long axis of the ideal

climograph of each of three species is

compared with the climographs of

Ithaca is Slightly tOO wet for the army Ithaca, N. Y., Glasgow, Mont., and
j t_ t_ j i tt Jacksonville, Fla. (Cook, 1923.)

worms to be abundant. However, a

year of dry weather may produce conditions which approach the optimum
for the species, and they may then become abundant.

Bodenheimer (1927) and Vayssiere (1926) found that the scale insect,

Guerinia serratulae, is limited to a region along the Mediterranean Sea.

The limits of its distribution, Bodenheimer finds to agree very closely with

the distribution of temperature sufficient for the completion of its life

cycle. In Palestine it has two generations a year, while farther north it

has but one.

Bodenheimer (1924) has also applied the same reasoning to the dis-

tribution of the Mediterranean fruit fly, Ceratitis capitata, and has

tabulated the areas of its possible distribution and the number of genera-

tions in a year.

It is possible to develop many refinements of these methods by a

careful study of the species and the environments in which it lives. When
sufficient information is at hand, it may be possible to construct the climo-

graph representing the various conditions of abundance of the species.
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One may then turn attention to the climatological data of various geo-

graphic areas, and construct the climographs for all the points for which

data are available. Next by a comparison of climographs, one may map
out the areas of normal abundance, of rare occurrence, and the areas in

which the organism theoretically would not be present at all. In any

such procedure it must be clearly recognized that there may be local

conditions which are quite at variance with the general climatological

conditions. This is true especially in areas where there is a great dif-

ference of elevation. In the case of all forms which are dependent upon

soil moisture it must also be recognized that in every geographic area

there will be limited localities in which the soil moisture is higher or lower

than that for the locality in general. In many cases it may be advanta-

geous to carry the climograph analysis down to the point of following the

temperature conditions by weeks or even days during the season of active

growth and reproduction. By the use of Shelford's principle (Shelford,

1927 to 1929), of a phenological unit, we may be able to assign the devel-

opmental rates and times of maturity on the basis of the climatological

data. It seems, therefore, that we have in the climograph a very valuable

tool for the study of climatic effects. Like all tools it must be used with

full knowledge of its uses and its limitations. In the hands of the careful

student it seems destined to make important contributions.
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CHAPTER XI

CHRONOLOGY

Distribution in Time.—If it were possible to turn time backwards,

and make a critical review of the past events which have to do with the

development of environments and the parallel course which animals have

followed in their evolution, we should no doubt find the answer to some
of the most perplexing questions of biology. Since this is not possible,

we probably can do no better than to make a division of the subject matter

of the distribution of animals through time, and consider on the one hand
the subject matter of paleochronology, or the distribution of animals in

past time where the evidence is not directly available to us, but which

has to be pieced together from fragmentary facts and conjecture; and on

the other hand, neochronology, or distribution in recent time, when facts

are available both as to progress of the environment and the distribution

of the animal associations.

PALEOCHRONOLOGY

It seems to be the inevitable conclusion of all students of the distant

past that the earth has not always been as we now know it. During its

development it has presented a series of environmental conditions. As
these conditions change, the flora and fauna of the earth also change.

The evidence for these changes is fragmentary. It has had to be pieced

together by the best of scholars, but it now presents a history which

must be more or less accurate. Part of the evidence has been physical,

based upon the formation of the earth's surface and the evident modifi-

cations which have come about from time to time. Much of it is biolog-

ical, being based upon the remains of plants and animals that are found

in various places and at various levels in the present surface of the earth.

The finding of the remains of plants and animals which resemble our

present tropical forms in the far North is taken as evidence that those

northern regions once enjoyed a tropical climate; and the time at which

those tropical climates were experienced can be fixed more or less definitely

by the deposits of material which bury those tropical forms. We may be

justified in assuming that during a succession of environmental conditions,

the evolution of plants and animals was going on. The inter-relationship

between genetic constitutions of the organism and effects of the environ-

ment probably existed in the past much as it does today, though the

quantitative relationships may have been slightly different. The records

232
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Table of Events in Paleochronology'

Eras
Epochs or
periods

Advances in life Dominant life
General climatic

conditions

Archeozoic, 25 per
cent of total
geologic time

First life

No known
fossils

Age of unicel-
lular life

Little known; probably
cold at first; later warm
enough for first appear-
ance of simplest life

Early protero-
zoic, 15 per cent

First known
fossils

Began with glacial peri-
od, temperate to trop-
ical; closed with frigid
climate, glacial action

Late proterozoic,
15 per cent

Age of primi-
tive marine
invertebrates

Paleozoic, 28 per
cent

Cambrian First known marine
fauna; dominance of

trilobites; rise of shelled
animals

Age of higher
invertebrates

Warm uniform climate
world over

Ordovician Rise of land plants and
corals; rise of armored
fishes; rise of nautilids

Warm uniform climate

'

Silurian Age of fishes Warm first half; colder
and local glaciation at
close

• Devonian Rise of amphibians; first

known land flora

Cool at opening of peri-
od; warm during most
of period

Mississippian Rise of ancient sharks;
rise of echinoderms

Age of amphib-
ians and lyco-
pods

Uniformly mild

Pennsylvanian Rise of primitive reptiles

and insects
Relatively mild or even
subtropical; high
humidity

Permian Rise of land vertebrates;
rise of modern insects;
extinction of ancient
life

Cool glacial action

Mesozoic, 12 per
cent

Triassic Rise of dinosaurs Age of reptiles Variable; cool to sub-
tropical

Jurassic Rise of birds and flying
reptiles

Cool at polar regions;
warm to subtropical in
temperate and equa-
torial

Comanchian Rise of flowering plants Warm temperate

Cretaceous Extreme specialization
of reptiles; extinction
of great reptiles ; rise of

archaic mammals

Warm uniform climate,
cooler at close of period

Cenozoic, 5 per
cent

Paleogene Vanishing of archaic
mammals

Age of mam-
mals

Temperate

Rise of higher mammals South temperate

Neogene Culmination of mam-
mals

Warm in early part;
cooler during middle
and late Miocene; arid
locally

Rise of man Temperate, semi-arid
locally

Psychozoic,
(30,000 years?)

Glacial Extinction of great
mammals

Age of man Period of glacial action,
variable

Recent Rise of world civilization

Compiled from various sources.
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of paleontology disclose a series of animal forms representing, in at least

an abbreviated way, the evolutionary series of animals; and the order

of their appearance must have been profoundly affected by the environ-

mental conditions to which they were subjected. The alternate condi-

tions of warmth and cold which apparently existed over various parts

of the surface of the earth, must have called forth and eliminated various

species of animals ; for we had the age of reptiles and the age of mammals.
This was partly due to the genetic constitution of the fauna that was then

present and partly due to the environmental conditions that were present

on the earth (see table on page 233).

The evidence of paleochronology from the standpoint of the plant

ecologist was summed up by Clements (1916), and it will also be found

in the various texts of paleontology and climatology. The accompanying

figure has been assembled from various sources to give a diagrammatic

picture of these influences on the faunas which probably accompanied

them. These matters are of more than historical interest when consider-

ing the present distribution of the various species of plants and animals.

NEOCHRONOLOGY

Distribution in Recent Times or Ecological Succession.—In turning

our attention to the succession of environmental and faunal conditions

of recent times, we have the advantage of more tangible evidence. In

the first place, we may follow the history of an environment and popula-

tion back into the more recent times by the use of well-preserved evidence

of what has just taken place; or secondly, we may follow the history of an

environment and its population forward by observational or experimental

methods. Either of these methods has the advantage of tangible

evidence which may be found in duplicate. The recent history of many
different associations may be studied and compared, and many observa-

tions made.

Ecological succession may be defined as the natural and orderly

sequence of organic communities in which the organisms of any given

stage tend to be replaced by another group of inhabitants which is to be

dominant during the succeeding stage. The normal course of ecological

succession is from conditions of relative instability to a condition of

relative stability. It represents the fundamental dynamic principle of

nature which results in the development of organic communities, just

as growth results in the development of individual organisms. The
life cycles of these communities may be compared with the life cycles

of individual organisms, in that they develop, attain to maturity with

the power to reproduce, and eventually give way to young communi-

ties of another stage. The general conception of ecological succession

is probably one of the most fundamental contributions which ecology has

yet made to general biology. The views of the various students of
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ecological succession have varied from the conception of Clements

(1916):

The developmental study of vegetation necessarily rests upon the assumption

that the unit of climax formation is an organic entity. As an organism the

formation arises, grows, matures, and dies. Its response to the habitat is shown

in the processes or functions and in structures which are the record as well as the

result of these functions . . . The life history of a formation is a complex but

definite process, comparable in its chief features with the life history of an indi-

vidual plant . . .

The essential nature of succession is indicated by its name. It is a series of

invasions, a sequence of plant communities, marked by the change from lower to

higher forms ... It is the basic, organic process of vegetation which results in

the .adult or final form of the complex organism. All the stages which precede

the climax are stages of growth. They have the same essential relations to the

final stable structure of the organism that the seedling and growing plant have

to the adult individual.

Few ecologists would grant that conditions are as definite and uniform

as just indicated by the quotation from Clements. The dominant

physical conditions at which succession takes place are themselves vari-

able. The communities themselves which consist of individual organ-

isms are more complex than individual organisms. Consequently, it

may be well expected that the course of succession is much more com-

plicated than the course of growth of an individual organism.

Gleason (1927) says

The successional phenomena of vegetation include all types of change in time,

whether they are merely fluctuating or produce a fundamental change in the

association. Vegetational change is constant and universal, but varies greatly

in its rate. It is caused by environmental change, or by change in the plant

population independently of environment, through migration and evolution.

Different causes of succession may act simultaneously but at different rates

or in different directions. In such cases the effects of the slowly acting causes

may be obscured by the more conspicuous or by the different effects of the rapidly

acting factors. The actual direction of succession may be likened to a resultant

of forces . . .

1. Ecological Plant Succession.—The background for the consideration

of animal succession may be laid by a brief review of what has been done

in the field of plant succession. Long ago, botanists gathered the first

evidence of an orderly sequence in the development of plant communities

from the study of bogs (King, 1685; Degner, 1729; and Buffon, 1742).

In the digging of peat from bogs for fuel, it was found that layers of

vegetation were well enough preserved to identify the plants, and that

they gave evidence that aquatic plants were succeeded by bog plants.

Rennie (1810) gave a comprehensive account of the formation of bogs

,
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and recognized the fact that if the peat was dug from the bog, the bog

would repeat its former history and again develop peat.

Hult (1885 to 1887) first fully recognized that the vegetation of any

area could be studied from the developmental standpoint; and that the

development proceeded, from either bare soil on the one hand or from

open water on the other hand, to a final climax. Warming, in his

text (1891 to 1907), treated of the subject of succession as a whole and
included an account of the succession on sand dunes. Since this time

we have had the investigations of Cowles (1899) on sand dunes, Shantz

(1911) on grass land, and many others covering practically all of the
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various types of plant communities. Clements (1916) summarized the

literature and the general subject matter of plant succession in a compre-

hensive way.

Clements (1916 and 1928) gives a summary of the work on plant

succession and an analysis of the processes. He has divided the process

of plant succession into: (1) nudation, (2) migration, (3) ecesis, (4) com-

petition, (5) reaction, and (6) stabilization. The factors which may
actually create bare areas on which plant succession may start from the

beginning, are considered as physical and biotic. All of the other proc-

esses have to do with the interaction of the plants and their environment.

These processes involve moving into the area; becoming established

under the conditions that exist; competition among the various inhab-
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itants which ultimately determines which are to be dominant; reactions

to the general conditions and eventually a stabilization. The work

on plant succession as compared with that of animal succession has the

great advantage of working with organisms which are sessile. Therefore

quantitative.methods have been possible. It has been possible to stake

out a definite area or quadrat, and to follow its development over a period

of years. It has also been possible to examine the soil of a definite area

;

and, on the basis of the plant remains, to reconstruct its history over a

period of the past. With all these advantages the students of plant

succession have been able to map out not only the general course of events,

but in certain cases to study quite in detail also the variations which

come about in the general process of succession.

The accompanying diagram gives a good illustration both of the vari-

ous types of plant succession, and also the variations which may occur

in the course of succession (Fig. 77). The bare areas in general may
be designated as xerarch or dry surfaces, and hydrarch or open water.

Succession may proceed from this to a relatively stable climax or it may be

interrupted at various times and start over as secondary succession.

Of this general process, Gleason (1927) has said,

All phenomena of succession depend upon the ability of the individual plant

to maintain itself and to reproduce its kind. The individualistic concept of

succession is directly related to the individualistic concept of association. Since

succession depends upon the behavior of the individual plant, since its causes are

complex; and since each casual factor may act independently of the others at a

different rate and in a different direction, a logical classification of seres has not

been developed. The usual grouping of seres, and the common correlation of

spacial distribution with succession, are of practical value when approximations

are sufficient.

Gleason says further,

Since the rate of successional causes varies, there appear in vegetation time

phases of slow change and relatively high stability, alternating with others of

rapid change. Retrogressive succession represents the reappearance of an earlier

time phase caused by the recurrence of an earlier environmental complex.

Climax associations represent time phases of great stability, in which we cannot
observe the action of successional causes and for which we cannot predict the

future. All time phases of a single habitat constitute a sere. Each time phase
of a sere is independent of the preceding one, except as the vegetation of the older

phase contributes to the determination of the environment of the latter one or

as certain species persist. The sere is not a genetic series in vegetation, and does
not necessarily follow an orderly sequence in its development.

The general course of plant succession gives rise to a series of plant

entities beginning with herbaceous forms on bare soil passing through
shrubs to forests. In a broad way the general conditions of various
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climatic areas permit succession to proceed to a certain point, where it

stops at a climax or sub-climax, which as Gleason has pointed out, is a

relatively stable condition. We have thus areas which are prairies and

areas which are forests. This is due presumably to the fact that the

physical conditions of the particular area permit succession to proceed

to the point which gives the most stable conditions. This, in a general

way, determines the environmental conditions to which animals must

adjust themselves.

2. Ecological Animal Succession.—The brief consideration of plant

succession has shown us two things: first, something of the nature of

ecological succession in plants, from which we may gain some insight into

the possible succession of animals; secondly, it has shown us that the

result of plant succession is a series of communities to which animals

must adjust themselves. The example set by the plant ecologists, like

any other example in the field of science, may be a handicap or an advan-

tage. If we are prejudiced by the method of attack employed by the

plant ecologists and attempt to apply it without any original knowledge

of the animal problem, it may prove a handicap. On the other hand, if

we will take the information from their field and, realizing the possibilities

of this natural phenomenon, proceed to an investigation of animal com-

munities, it may be a great advantage to us.

Considering the subject matter of succession of animals from the

viewpoint of the activity of the animals, it is at once evident that there

may be a succession of animals in an area in which the animals themselves

may be entirely passive, and the changes may be due to physical and flor-

istic changes. It is also perfectly evident that there may be cases in which

the animals themselves are active and themselves bring on the changes.

On the other hand, we may also have cases in which the animals act

simply to modify the physical or floristic conditions and thus bring about

the changes. We may consequently outline animal succession as:

Animals passive;

Initial or reactional causes physical,

Physiographic changes,

Climatic changes,

Seasonal changes;

Initial or reactional causes biotic,

Floristic changes;

Animals active:

Animals themselves causing the changes.

In the case of passive animal succession the environment changes

are due to physical or biotic causes, and the animals have to adjust them-

selves to the new order of things. When these changes are severe, the

animals must either migrate from the environment or perish. Thus, in

the ordinary course of plant succession as outlined above, a series of
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environmental conditions is presented; and each stage may be represented

by a characteristic fauna which must leave and be replaced by another,

as the next stage of plant succession comes on.

It is not possible to say that the animals play absolutely no part

in the reactions which bring about these changes. However, it is true

that the animals are usually not predominant in these reactions. Person

(unpublished thesis for the Master's degree) investigated the action of the

larch sawfly in connection with the succession of trees in bogs, and con-

cluded that this insect was largely responsible for the disappearance of

larch and its replacement by other trees in certain bogs. There are also

many plants which owe their existence to pollination by insects, and the

seeds of many plants are distributed by animals, so that their very entrance

into an environment is conditioned by the presence of these animals.

Perhaps the largest portion of the studies of animal succession has been

of such situations. But brief consideration will be given to the cases in

which animals are passive. Physiographic changes have been referred

to in connection with chorology. The climatic changes have been referred

to also. Seasonal changes are very evident from temperature conditions.

Allee (1911) studied the succession of organisms in forest ponds during

the progress of the seasons, as did Peterson (1926). Blackman (1918)

made a study of the seasonal succession of insects which visited certain

flowering plants; and literature contains many citations of similar studies.

The empirical generalization, which has already been referred to

(page 223) as " Hopkins' bioclimatic law," has to do with the appearance

of seasonal phenomena. It is, however, concerned primarily with the

time of occurrence of periodic phenomena with respect to their occurrence

in other places. For this reason the discussion of this principle is included

in the chapter on Chorology.

Shelford (1911 and 1912) published a series of papers on the subject

of animal succession which were concerned with cases in which the animals

were passive. Various aquatic and terrestrial habitats were described,

together with the lists of the organisms found. The animal communities

were designated by the names of the dominant forms in much the same

manner that plant communities are designated by the names of the pre-

dominant plants. This subject matter will be returned to in the chapters

on Descriptive Synecology. Attention at the present time is to be

centered upon the phenomenon of succession as such, rather than on the

details of the organisms which are found with the various stages of plant

succession in the different communities.

ACTIVE ANIMAL SUCCESSION

From the standpoint of the phenomenon of succession itself, the most
interesting cases are those in which the animals themselves are active in

causing the changes. It has already been pointed out that it is not pos-
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sible to say that animals are not active in the cases which have just been
cited.

First of all it is necessary to recognize that an animal habitat need not

be a geographic area. A community of animals may live in a very

restricted environment: it may be a pool of water, a prairie, or a forest;

it may be a plant or even a portion of a tree, or the dead body of another

animal. In a broad and general way, it may be said that plant succession

is constructive beginning with bare soil or open water and proceeding to a

mesophytic forest. In much the same way it may be said that animal

succession is destructive, in that it accomplished the breaking down of

materials which have been built up by plants. This, however, is a very

important function in the balance of the energy of nature, for it is returned

to the soil in order that another cycle of material may begin. Thus
restricted environments may be set up to illustrate certain successions

which can be studied experimentally in the laboratory. One of the first

of these experiments was reported by Woodruff (1912). He set up hay

infusions in the laboratory and studied the sequence of microorganisms

that were found on the surface of these cultures. He determined the

sequence of the dominant types of protozoa in the order of their abundance

as follows: Monad, Colpoda, Hypotrichida, Paramoecium, Vorticella, and

Amoeba. These infusions were left to run their course under ordinary

laboratory conditions. Woodruff believed that the maxima of the various

species of protozoa were probably determined by certain biological

characteristics of these species which had to do with their rates of develop-

ment. Since it is necessary to assume that all forms are present at the

start of the experiment, he believes that their rates of development will

determine the times at which they reach their maxima. The case, how-

ever, is not a simple one ; many factors are involved, such as the physical

conditions which exist at the beginning of the experiment and their cycle

as influenced by the biotic conditions of the population. Therefore, the

mere fact that the environments can be set up in a dish in the laboratory

does not mean that it is simple.

More recently, Eddy (1928) has made an experimental study of

such cultures. In all, 15 series of cultures were set up. Each series

represented the influence of some factor having to do with the original

conditions of the environment, or with the temperature, or other condi-

tions under which the experiment was run. Under such conditions it

was possible to compare cultures which were run in the same environ-

mental conditions, and also to compare these cultures with another

series run under different environmental conditions. As the result of

these experiments, Eddy says,

In a group of similar cultures existing under similar conditions, a very notice-

able regularity occurs. In each culture of a series the same organisms were

always dominant simultaneously, so that each culture, at any period of its life,
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contained a community of protozoa, similar to that found in any other culture

of the same age and composition, and existing under the same conditions. The

oganisms generally appeared and reached their maxima at approximately the

same period, so that an average sequence represented closely the sequence of any

single culture of the series.

As to the factors which influenced the occurrence of the dominants,

Eddy does not agree with Woodruff. He believes that the occurrence

of the dominants is probably due to a favorable response to the conditions

of the habitat and not to any rate of development, and that the maximum
is determined by the establishment of a proper condition for growth and

reproduction rather than by the rate of development of the form which

comes to the maximum. He believes that the amount of dissolved oxy-

gen, present in the infusion, is a much more important factor than light,

temperature, or hydrogen-ion concentration, since the oxygen content

of the culture is very largely the result of biotic reactions in the culture.

This author concludes that biotic reactions are an extremely important

factor in this type of succession.

In comparing the succession which is found in one of these cultures of

protozoa with that of plants on geographic areas, Eddy states that every

line of succession ultimately ends in a stage in which the dominants are

not replaced by succeeding dominants. This reminds us again of plant

succession. This climax is the final stage of the life of the community as

an organic unit. However, the final stage of the hay infusion depends

upon physical factors surrounding it, and he therefore calls it an edaphic

or local climax. He believes that if the infusion were maintained forever

against evaporation, it would go the way of so many organic communities

and end by deposition in a land series. After six months, most of the

series had reached their old-age or climax stage; and in this stage con-

ditions were more suitable for the growth of algae which replaced protozoa

as dominants. It would seem that the study of such cultures offers great

possibilities in the understanding of animal succession.

Active animal succession may also be studied to advantage in trees.

The tree itself represents an ecological unit environment for certain ani-

mals. Graham (1925) has called attention to the fact that the fauna and
flora comprising the living population of a log are distinctly character-

istic of this environment. The tree trunk is a deliminated-unit environ-

ment, and the fauna that is found in it is as well adapted to it as any other

fauna is adapted to its environment. There is a definite succession

of faunas which may be found in trees : the first stage is in the living tree

;

the second, in the dying tree ; and the following stages while decay takes

place. Blackman and Stage (1924) studied the hickory and followed

through many of the stages from the time that the tree was killed until

it was decayed. Graham (1925) points out that there is a definite

succession of organisms as the chemical and physical character of the
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wood changes during the process of disintegration and decay, and states

that there is a regular succession from truly woody forms toward an

association of organisms characteristic of the substrata of forest soil.

Chapman (1915) studied some of the buprestid beetles which attack

living oak trees and kill them. The larvae of the two-lined chestnut

borer, Agrilus bilineatus, live in the cambium between the bark and the

wood. They are active for but a few weeks during which time the tree is

killed and the larvae then construct cells out in the bark in which they

pupate the following spring. The tree is not killed until it is infested

with a large number of beetles of this species. Isolated larvae which

accidentally work in advance of the others are unable to survive in the

living cambium. Likewise those which are left behind die in the dry dead

cambium.

Following close upon the buprestid bettles are certain members of the

family, Cerambycidae. These beetles lay their eggs in the crevices of

the dying trees. Their larvae enter the dead cambium and feed among
the narrow burrows which were leit by the buprestids. The buprestids

are highly specialized for making narrow burrows, while the cerambycids

are less highly specialized and leave relatively wide burrows and

occasional tunnels into the wood. The buprestids are legless, but some

of the species of cerambycids have small thoracic legs.

The next stage is dominated by less specialized beetles which have

thoracic legs. Some of the pyrochroid and temebrionid beetles are com-

mon. They come to the cambium layer after it has been partly loosened

by the cerambycids ; and they leave it with large spaces between the bark

and the wood filled with decaying material.

The course of the succession from this point is determined to a certain

extent by certain physical conditions, particularly those influencing the

moisture content of the wood. The larvae of elaterid beetles come in at

this time if the wood is not too dry; and these burrow into the wood,

carrying with them wood-rotting microorganisms. From this time on,

the wood is reduced to a culture bed of microorganisms. Under the

bark, spiders and even small vertebrates may seek shelter.

The wind usually blows the tree down during one of the latter stages

;

and then the decay proceeds until the wood has been reduced essentially

to soil. Thus a living organism has been attacked and reduced to earth

by a process dominated by a series of animals, each of which has lived in it

for a short period, and so modified it that it has become more fit for the

animals of the succeeding stage. A physical agent or some other biotic

agent might cause the death of the tree, and make it possible for the other

stages of insects to come in in the same order, as if the initial attack had

been by the buprestids as outlined above.

Graham (1925) has pointed out that in the first or initial stage the

insects and fungi hold the center of the stage, and the other organisms
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play a minor role, whereas in the last stages of decomposition bacteria are

probably of major importance. From the standpoint of the tree as an

ecological unit, the action of these animals in active succession may be

considered a destructive one; but, from the broader aspect of nature, it

will be seen that their role is that of bringing back to the soil materials

with which it had once been built up, thereby insuring the continuance

of the balance of nature. A visit to a primeval wood which had not been

disturbed will disclose many of the areas in which tree trunks have fallen

and decayed. In the later stages of decay, seedlings of various other

plants and trees may be found springing into growth ; and still later there

will be little to indicate where the decaying tree trunk lay, other than

possibly a slight elevation of the surface of the ground. This individual

series of succession then has been complete, ending in the soil as a climax

stage.

Seeds of plants also form restricted environments in which ecological

succession may go on, activated by animals. This type of succession is

interesting because it also lends itself easily to laboratory study. Experi-

ments may be set up with the various species of insects introduced into

wheat, and only those which are capable of initiating the succession

will be able to establish themselves ; but later the changes will come on, so

other species can get started.

There are relatively few insects which can attack sound wheat as has

been demonstrated by Barnes and Grove (1916), Dendy (1918), and

others. The granary weevil, Sitophilus granarius, and the rice weevil,

Sitophilus oryzae, and a few others are adapted to feeding on the sound

wheat berries. The confused flour beetle, Tribolium confusion, the Med-
iterranean flour moth, Ephestia kuhniella, and certain others cannot live

on the sound wheat for the reason that their mouth parts are not adapted

to attacking large hard pieces of food.

The weevils are able to burrow into the wheat and lay their eggs within

the wheat berry. The larvae which hatch are legless and simply eat about

themselves until the entire inner portion of the wheat berry has been

consumed, when they pupate in the shell which is composed largely of the

bran. In case, one of these larvae is accidentally displaced, it dies, for

it has no method of locomotion outside of its natural environment.

Consequently sound wheat is essential to these weevils. The adults

may feed in wheat from which larvae have emerged or even in flour, but

they never reproduce, unless they encounter hard masses of flour which are

similar in consistency to wheat itself (Chapman, 1921).

The flour beetles and flour moths scatter their eggs about and the

larvae crawl about in search of food. These larvae are structurally quite

different from those of the weevils as they have legs and mouth parts

which are adapted for eating small particles which may be taken between

the mandibles. They feed readily upon the wheat from which weevils

?UL?
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have emerged or upon flour which has been ground from wheat. It is

occasionally possible for these larvae to eat a portion of the embryo from

moist wheat, but in general they cannot.

Active succession may also be found in the study of animal bodies.

An animal may be killed by the action of an animal parasite, which thus

acts to initiate the succession. Shortly after death, flesh flies oviposit on

the body, and for a period it is dominated by the maggots of these flies.

The carrion beetles come in and contribute to reducing the body. Last of

all, the dermestid beetles appear and feed upon the dry tissues of the bone.

Fabre (1922) made a study of the action of these scavengers. Motter

(1898) published a review of literature on the study of the insect fauna

of human bodies that had been interred for different periods of time, and

concluded that there was a definite succession, but that conditions were

very complicated and that no two histories could be considered alike.

Therefore, the faunas would not be expected to be exactly alike. Dahl

(1896) trapped the beetles which were attracted to carrion, and concluded

that there was a regular animal succession in which the tissues of the

animal were gradually reduced to essentially the conditions of soil; so

that again we have an active animal succession which is destructive so

far as the tissues of the organism acting as environment is concerned.

So far as the general cycle of matter in nature is concerned, this is

a fundamental and important step in bringing the compounds which are

built up from the highly specialized bodies, back to soil. It would seem

then, that in the light of our limited knowledge, we will have to think of

the succession of animals as passive in cases where they follow along after

physical and biotic changes which bring about a succession of environ-

ment ; and as active in certain cases where they themselves initiate and

are dominant in causing the various stages of succession to appear. The
latter cases seem to be mostly restricted to environments in which they

utilize, as a unit environment, the body of some animal or plant.
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CHAPTER XII

AQUATIC SYNECOLOGY

The Historical Events.—The discovery of the microscope was a

stimulus to the study of minute aquatic organisms. Early explorations,

mostly marine, gathered miscellaneous material for museums. The
Challenger Expedition stimulated great interest in oceanography (see

Murray and Hjort, 1912). The publication of Darwin's "Origin of

Species" brought out the scientific value of the lower forms of aquatic

organisms.

In 1846, Johannes Miiller took several of his students, including Ernst

Haeckel, to Heligoland and demonstrated the minute free-floating organ-

isms which he obtained from the North Sea by the use of a fine net.

This was the beginning of a now extensive study of what Hensen (1887)

later called plankton (Planktos-drifting) . (See Hentschel, 1923, and

Johnstone, 1924.)

Forel and his school founded limnology by the publication "Le Leman,

monographic limnologique, " 1892 to 1904, and his work, associated with

Chrystal, Halbfass, Wedderburn, and others demonstrated that an

environment might be studied with the same exactness as an organism.

In America, the studies of Eirge and Juday on the Wisconsin lakes have

made outstanding contributions to our knowledge of aquatic environ-

ments and the dynamic relationships between the fauna and the physical

environment.

The introduction of quantitative methods for the study of aquatic

organisms by Hensen (1887), Peterson (1911 to 1918), Ekman (1910),

Birge and Juday (1922), Adamstone (1924), and others served to differen-

tiate ecological work from that of observational natural history. They
furnish examples which may well be given serious consideration by the

students of terrestrial ecology.

General References to Literature on Hydrobiology.—The general

works present much good biological information on the ocean: Murray
(1885 and 1912), Johnstone (1908 and 1924), Steuer (1910), Hess (1924),

and others; and on inland waters: Stokes (1896), Needham and Lloyd

(1915), Brauer (1900 to 1912), Whipple (1927), Ward and Whipple (1918),

Thienemann (1925), and others. However, the real advances have been

made by those who have employed quantitative methods and who have
247
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made it possible to arrive at new facts. Such publications as those of

Hensen (1887) and Forel (1892 to 1904) have contributed to the advance-

ment of ecology; and they have been followed by such works as those of

Helland-Hensen (1912), Birge and Juday (various papers), Pearse (1921),

Clemens (1924), and others.

Institutions Devoted to the Study of Hydrobiology.—Anton Dorn
established the Zoological Station at Naples in 1870, and this labora-

tory has since been a mecca for students of general biology as well as for

those with a special interest in marine life.

Louis Agassiz established a laboratory on the island of Penikese in

1872, of which the present Marine Biological Laboratory at Woods Hole,

Mass., is a descendant (Lillie, 1913). Many laboratories have been

established since, in all parts of the world. (See Internat. Rev. der Gesamm.

Hydrobiol. u. Hydrog.) There are some 30 laboratories in the "United

States situated on fresh or salt water, and devoting themselves to teaching

and research work with aquatic organisms. Interest in evolution brought

about the establishment of field laboratories by universities. Economic
pressure stimulated the Bureau of Fisheries to investigate the possibilities

of increasing our food resources. {Bull., U. S. Bur. Fisheries.) Sanitary

conditions surrounding large cities made it necessary to investigate lakes

and rivers as sources of water for human consumption (Whipple, 1927).

All of these agencies have contributed to our knowledge of aquatic organ-

isms. Some of them have made contributions to our knowledge of ecol-

ogy in its present sense.

WATER THE PHYSICAL ENVIRONMENT

The Characteristics of Water as an Environment.—There is no other

substance which has all of the properties essential to life that water has.

This may be expected because animals are composed very largely of

water. (Henderson, 1913; Bayliss, 1918.) It is for this reason that

we shall turn our attention to it before taking up the consideration of

bodies of water.

It is the standard for many physical measurements, such as density,

heat capacity, and other properties. It is the most universal chemical

agent. It is the most important geological agent. The ancient philoso-

phers looked upon it as the agent of all energy and the cause of all action.

It is difficult to explain the properties of water and their variation in

response to temperature upon the assumption that water is simply H 2

with an atomic weight of 18. Dyclaux (1912) points out that a simple

compound of this formula should have a freezing point of about — 150°C,

and a boiling point of about — 100°C. It seems likely that it is polymer-

ized; i.e., a number of molecules are associated together. But by com-

paring formaldehyde CH 20, which is liquid at 20°C, with trioxymethylene,

C 3H 603
;
which is solid at 150°C.

?
it is found that great changes take place
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when three molecules are combined. From this it may be computed that

while H 2 ought to boil at -100°, H 6 3 might well boil at 100°C.

Sutherland (1900) has proposed the names hydrol, dihydrol, and tri-

hydrol. Trihydrol is present in the greatest concentration in the solid

state; dihydrol is the main constituent at ordinary temperatures; and

monohydrol or steam increases in proportion as the temperature

approaches the boiling point. These three may be distinct chemical

substances which are easily convertible from one to the other, and which

exist together in certain ratios at each temperature. Heat may then have

to do three things: decompose polymeres, heat polymeres, and heat

monomeres.

THE PHYSICAL PROPERTIES OF WATER

Heat capacity is measured in terms of the response of water to

temperature. Water has the highest heat capacity or specific heat of all

solids and liquids under ordinary conditions. The small calorie is the

amount of heat required to raise the temperature of 1 g. of water from 0°

100
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Fig. 78.—Diagram to illustrate the possibilities of the thermostatic action of water due to

its latent heat. One unit of time represents a change of one small calorie.

to 1°C. The law of Dulong and Petit states that the specific heat of a

substance varies inversely as the atomic weight. Therefore, it follows that

substances which have a low atomic weight will have a high specific heat.

A compound containing much hydrogen can be expected to have this

high specific heat. The function of water in an environment, for the

maintenance of constant temperature alone, makes it a very important

substance.

Latent Heat.—Water has three phases: solid, liquid, and gas. The
latent heat is the amount of heat required to change it from one state

to another without changing its temperature. Eighty small calories are

required to convert 1 g. ice at 0°C. to 1 g. water without changing its

temperature at all. Five hundred and thirty-six small calories are required

to convert 1 g. water at 100° to 1 g. vapor at the same temperature with-

out raising its temperature at all. This means that the heat units required

to vaporize one gram of water are equal to the amount required to raise

the temperature of 536 g. water from 0° to 1°C.
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The latent heat of water is greater than that of all other liquids

except ammonia. The latent heat of evaporation is greater than that of

any other liquid not even excepting ammonia. The heat of the sun

evaporates water from streams, lakes, and the ocean; and this heat is

again recovered when the vapor condenses to form rain, equalizing

temperature, distributing water, and giving rise to all of the water power
of the earth.

The possibilities of water as a thermostat in nature are great. If

we had a theoretical environment of water in which the temperature had a

constant rate of rise and fall, we might plot it as in Fig. 78.

The diagram is further complicated by the fact that the evaporation

goes on at temperatures lower than 0°, and that it is greater at the higher

temperatures. This means that the more extreme a high temperature

becomes, the more evaporation tends to modify the extreme condition.

Conduction of Heat.—Water is a poor conductor of heat when com-

pared with metals, but when it is compared with other liquids it is found

to be higher than all others. With silver at 1.0, water is but 0.0125.

Alcohol, however, is only 0.00046.

Expansion by Heat.—One of the great saving properties of water,

so far as lakes are concerned, is the fact that it reaches its maximum
density at 4°C, and that when cooled below this temperature it expands

and becomes lighter. This expansion below the point of maximum
density is rather an unusual characteristic. If water did not expand

above the freezing point, all bodies of water that freeze in winter would

have the ice formed at the bottom instead of at the top. Consequently,

it is very fortunate that water has this unusual property.

Surface Tension.—Water has a surface tension of 75 dynes, which is

greater than that of any other liquid save mercury. When we consider

the relation of aquatic organisms to the surface film and to air inclusions

in the water, we find that this property is what makes it possible for

adult insects to live in the water.

Transparency.—Water in the liquid state is practically transparent,

to some extent at least, to all rays of the visible spectrum. The fact that

water, at a great depth, appears blue means that it absorbs more of the

waves of longer length than those of shorter length. The waves of longer

length, heat waves, are comparatively more absorbed, and water makes a

good heat screen.

Viscosity.—The viscosity of water increases, as the temperature

lowers, and this makes it about twice as great at the freezing point as at

ordinary summer temperatures.

Compressibility.—Water is but slightly compressible. It contains

more molecules per unit volume than any other known liquid except

fused metals. Consequently, there is little space between the molecules

for compression.
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THE CHEMICAL PROPERTIES

Stability.—It is usually stated that, with the exception of hydrolytic

and electrolytic dissociation, the action of water on solutes is practically

nil because of its chemical inertness and stability. Kendall (1927),

however, states, "Instead of being a substance which can be neglected,

water is perhaps the most reactive of all substances." Be this as it

may, it is possible to recover solutes from water in practically their original

conditions. So the reactions which take place when substances go into

solution in water are apparently reversible, and the substances come out

of solution unchanged.

Solubility.—More substances are soluble in water than in any other

substance. Practically all of the inorganic salts are soluble in water and

many of them in no other liquid. Organisms, therefore, find more of the

essential substances in solution in water than would be possible in any

other medium.
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THE CHARACTERISTICS OF AQUATIC COMMUNITIES—MARINE
COMMUNITIES

General Characteristics cf Marine Communities.—Seventy per cent

of the surface area of the earth is covered by the ocean to an average
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depth of two and one-half miles. When this great three-dimension space

is compared with the terrestrial environment, it is found to bear a ratio

of about 1000:1 on the basis of available space for organisms to live in.

While not directly concerned with marine environments, we cannot

ignore the earth's largest continuous environment and greatest storehouse

of the energy of solar radiation. Aside from its magnitude as an environ-

ment, it deserves consideration for its influence upon the distribution

of moisture and temperature in the terrestrial environment.

The bottom of the ocean, like the exposed surface of the earth, is

of an uneven contour. The continents are surrounded by relatively

shallow water causing the continental shelves, beyond which the con-

tinental slopes lead to the greater depths over the extensive abyssal

plains of the ocean's bottom. The great "Deeps, " like the earth's

great mountains, have been located and named. There are nearly 60

of them known, 32 of which occur in the Pacific Ocean. The deepest

sounding is in the "Challenger Deep," and is over 6,265 fathoms (37,590

feet).

Morphometry.—The following data compiled from the various writ-

ings of Sir John Murray and others give the area of various depths of the

ocean.

Depth, fathoms Area Square miles
Percentage of total

ocean

to 100

100 to 1,000

1,000 to 2,000

2,000 to 3,000

3,000 to 4,000

Over 4,000

Continental shelf

Continental slope

Abyssal plain

Abyssal plain

Deeps
Deeps

9,750,650

11,974,350

26,915,000

91,381,000

9,058,000

216,000

7.00

8.59

19.34

58.42

6.50

0.15

The bottom of the ocean has been formed partly by material of inor-

ganic origin and partly by material of organic origin. In the littoral zone

the deposits are coral rock, sand (partly coral), gravel, and mud. Beyond
the continental shelf (hundred-fathom line), there is mud, partly from

land, containing coral and various volcanic materials and ooze of organic

origin, called Radiolarian ooze, Diatom ooze, Globigerina ooze, and

Pteropod ooze, depending upon the organisms which are involved in its

formation.

Hygrometry.—Sea water is characterized by its salinity. However, it

is not merely the quantity of salts which distinguishes it from fresh water,

but also a difference in the proportions of the salts. The following table

from Helland-Hansen (1911) gives a comparison of the salts in sea water

and fresh water.

*_



254 ANIMAL ECOLOGY

Salts
Sea water,

per cent

River water,

per cent

Chlorides 88.64

10.80

0.34

0.22

5.2

Sulphates 9.9

Carbonates 60.1

Various 24.8

Total 100.00 100 . 00

The salinity is not uniformly distributed throughout the ocean, but is

influenced by the inflow of fresh water from rivers, the melting of ice in

the arctic, and evaporation in the equatorial regions. In general, it

is lowest at or near the poles, and highest at the Tropics of Capricorn

and Cancer. Along the continental shelves the salinity may be greatly

influenced by the ocean currents which mix the inflowing river water with

that of the sea.

Fig. 79.

2 4 6 8 10 12 14 16 18 20 22

Degrees Cent.

-The distribution of temperature at four different stations in the summer of 1910.

Position of stations shown on inset map. {Murray and Hjort, 1912.)

The temperature of the ocean varies greatly with latitude and depth,

and is profoundly influenced by ocean currents. The surface tempera-

ture may be represented by a relatively smooth curve; starting with

temperatures below zero Centigrade at either pole and rising to a maxi-

mum just north of the equator.

The distribution of temperature in depth is illustrated in Fig. 79.

There is a rather rapid fall in temperature in the first 100 m. at all stations

shown, followed by more or less uniformity down to 500. At station

106 there is a sudden drop in temperature between 500 and 700 m.

This is similar to the thermocline to be described in connection with

fresh-water lakes.

The density of sea water is influenced by both salinity and tempera-

ture. In general, salinity is least in the north when temperature is the

lowest, and greatest near the tropics when temperature is the highest.
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The gases of the ocean may be considered briefly Sea water contains

less oxygen than fresh water, for the solubility of oxygen decreases as

salinity increases. Consequently, the amount of oxygen present in the

warm and very salty waters of the tropics is very little.

Salinity

Temperature, °C.
per thousand 20 per thousand 35 per thousand

Oxygen in c.c.

per liter

Oxygen in c.c.

per liter

Oxygen in c.c.

per liter

10

20

30

10.29

8.02

6.57

5.57

9.01

7.10

5.88

4.96

8.03

6.40

5.35

4.50

Ocean currents and winds also influence the distribution of oxygen in

the sea. Biotic conditions also contribute to the control of the oxygen

,
4-5 ccm 6-7ccm-J:Sccm

500

1000

15001
N.60

c 50' 40 30 50 5.*Z0 10

Degrees

Fig. 80.—The distribution of oxygen in the Atlantic Ocean between 60° N. and 50° S.

and from the surface to 1,500 m. Amount given in cubic centimeters per liter of water.
(Murray and Hjort, 1912.)

content of the water. The actual oxygen content of sea water is, there-

fore, the result of a complicated set of factors (Fig. 80). As in fresh-

water lakes, there are cases of enclosed seas in which the bottom water

becomes stagnant in the summer and the oxygen is exhausted. The
Black Sea, for instance, may contain oxygen in only the upper 100 m.

of water (Murray and Hjort, 1912). In certain " threshold fjords "and
" oyster polols," a similar condition may exist in late summer.

Carbon dioxide may be present in the sea to the extent of 50 c.c. to the

liter of water, but only a few tenths of this will be free and the majority

will exist in the form of carbonates with which McClendon (1918) found

the sea water to be supersaturated. Thus; if carbon dioxide is added to

the water, more carbonates will be formed; while, if some is withdrawn,
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as in the case of photosynthesis, more will precipitate. Krough con-

cluded that the sea acted as a great regulator of the carbon dioxide of the

earth's atmosphere, containing 30 times as much carbon dioxide as the

air (McClendon, 1916).

Deep Sea ShallowSea
Kiehl
Bay

Freshwater
Elbe
RiverTropical Arctic

Maximum

A/umber 01"a//

organ/'sn76
!

Average

Minimum

Plants

A verag
plants ar

? of
'd' antmaIs >

Animals

Fig. 81.—Diagrams showing the average relative numbers of Plankton organisms in fresh

water, a bay, and the deep sea. (Lohman's data adapted from Hentschel, 1923.)

The waters of the sea are usually slightly alkaline and this condition

is maintained in spite of all the changes which are constantly taking place

in connection with the metabolism of its flora and fauna. The mean

value is a pH 8.1 in the far North, or 8.2 near the equator. This is main-

tained through the "buffer action" of the salts in solution,
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Biotic Characteristics of the Sea.—Since the present outlines are

concerned mainly with insects, which are not marine organisms, it is

necessary to pass over the vast faunas of the sea with a mere mention of

them. The student is referred to Steuer (1910) and Johnstone (1924),

Hentschel (1923), Murray and Hjort (1912), the Reports of the Challenger

Expedition and the papers cited in the bibliographies of these works for

information on these interesting and too little known ecological groups.

The average student of zoology in his laboratory work comes into contact

with more marine animals than those from fresh water. The marine

biological laboratories specialize in the study of this group, and a great

contribution has been made to the general conceptions of ecology by such

work as that of Mobius.

We have almost no marine insects. The small water striders of the

genus, Halobetes, are truly plagic and live on the surface of the ocean,

and are said to be found hundreds of miles from land.

Quantitative studies in ecology began in the sea and the general results

will be discussed in connection with the biotic characteristics of fresh-

water communities. In general, the quantity of life in the sea is not as

great as in fresh water, and it tends to be greater near the poles than near

the equator (Fig. 81).

BIBLIOGRAPHY

MARINE COMMUNITIES

Allen, W. E.: Some Work on Marine Phytoplankton in 1919, Trans. Amer.

Micros. Soc., 40: 177-181, 1921.

: The Investigation of Ocean Pasturage, Ecology, 11: 215-219, 1921.

: Problems of Floral Dominance in the Open Sea, Ecology, 11: 26-31, 1921.

: Observations on Surface Distribution of Marine Diatoms between San
Diego and Seattle, Ecology, III: 140-145, 1922.

: Recent Work on Marine Microplankton at the La Jolla Biol. Station,

Trans. Amer. Micros. Soc, 42 : 180-183, 1923.

Atkins, W. R. G. : The Hydrogen-ion Concentration of Seawater in Its Biological

Relation, Jour. Mar. Biol. Assoc, 12: 717-780, 1922.

Borradailb, L. A.: "The Animal and Its Environment," chap. VIII, The Fauna
of the Sea, pp. 200-212; chap. IX, Food and Subfaunas in the Sea, pp. 216-246,

Froude and Hodder & Stoughton, London, 1923.

Brandt, K. (1899): Ueber den Stoffwechsel im Meere, "Wissensch. Meeresunter-

suchungen," herausgegeben v. d. Kommission zur wissensch., Untersuch. d. deutschen

Meere, in Kiel. N. F. Abth., Kiel, vol. IV, pp. 493-506, 1899; 2d Abhandl. vol. VI,

pp. 23-79, 1902.

Brooks, W. K.: Salpa in Its Relation to the Evolution of Life, Johns Hopkins

Univ. Stud. Biol. Lab., V: 129-211, 1893.

Cameron, A. T. and Irene Mounce: Some Physical and Chemical Factors Influ-

encing the Distribution of Marine Flora and Fauna in the Straits of Georgia and
Adjacent Waters, Contr. Can. Biol., n.s., 1: 41-70, 1922.

Clark, Austin H.: On the Deep Sea and Comparable Faunas, Internat. Rev.

Gesamm. Hydrobiol. u. Hydrog., 6: 17-30, 133-146, 1913.



258 ANIMAL ECOLOGY

Com, Carl J.: tiber die Meeresverschleimung im Golfe von Trieste wahrend
des Sommers von 1905, Arch. Hydrobiol. u. Planktonkunde, 1 : 385-391, 1906.

Cowles, R. P.: The Distribution of Water Density and Salinity in Chesapeake
Bay, Internal. Rev. Gesamm. Hydrobiol. u. Hydrog., 12 : 392-395, 1925.

Fish, Charles J.: Seasonal Distribution of the Plankton of the Woods Hole
Region, U. S. Bur. Fisheries Bull, Doc. 975, vol. XII, pp. 91-179, 1925.

Galtsoff, Paul S.: Seasonal Migrations of Mackerel in the Black Sea, Ecology,

V: 1-6, 1924.

Gebbing, J. : tjber den Gehalt des Meeres an Stickstoffnahrsalzen Untersuchungs-

ergebnisse der von der deutschen Sudpolar Expedition (1901-3) gesammelten
Meerwasserproben, Internal. Rev. Gesamm. Hydrobiol. u. Hydrog., 3 : 50-67, 1910.

Grabau, A. W.: " Zoology: Marine Invertebrates," A. W. Grabau, and J. E.

Woodman, editors, 1898.

: The Relation of Marine Bionomy to Stratigraphy, Bull. Buffalo Soc. Nat.

Sci., VI: 319-367, 1899.

Hausman, Leon Augustus: Fresh-water and Marine Gymnostominian Infusoria,

Trans. Amer. Micros. Soc, 40: 118-143, 1921.

Helland-Hansen, Bjorn: The Ocean Waters, an Introduction to Physical

Oceanography. I. General Part (Methods, with the assistance of Adolph H. Schroder

and other collaborators), Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., suppl., 1 : 1-84,

1912.

: Eine Untersuchungsfahrt im Atlantischen Ozean mit dem Motorschiff
" Armauer-Hansen," Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., 7: 61-83, 1914.

Hensen, Victor: Organic Matter in the Baltic, U. S. Bur. Fisheries Bull., 5:

.885.

-: Ueber die Bestimmung des Planktons oder des im Meere treibenden

Materials an Pnanzen u. Thieren; nebst Anhang; Ber. 5 der Kommission zur wissensch.

Untersuch. d. Deutschen Meere in Kiel fur die Jahre 1882-1886, pp. 1-107, 1887.

. Die Biologie des Meeres, Arch. Hydrobiol. u. Planktonkunde, 1 : 360-377,

1906.

Hentschel, Ernst: "Grundziige der Hydrobiologie," G. Fischer, Jena, 1923.

221 pp.

Hesse, Richard: "Tiergeographie auf okologischer Grundlage," Fischer, Jena,

1924. 613 pp.

Hirsch, Erwin: Vorlaufige Mitteilung iiber die Ergebnisse einer biologischen

Untersuchung des versalzenen Flussgebiets der Wupper, Arch. Hydrobiol. u. Plank-

tonkunde, 12 : 82-121, 1918.

Hjort, Johann: Die Tiefsee Expedition des "Michael Sars" nach dem Nord-

atlantik im Sommer 1910, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., 4 : 152-173,

335-362, 1911.

Johnstone, J.: "Life in the Sea," Cambridge, Engl., pp. 206-298, 1908.

Kniep, Hans: tJber die Assimilation und Atmung der Meeresalgen, Internat. Rev.

Gesamm. Hydrobiol. u. Hydrog., 7 : 1-38, 1914.

Koehler, M. R.: Sur un Hemiptere marin, Aepophilus bonnairei Sign, Compt.

rend. acad. sci., Paris, 110 : 126-128, 1885.

Kofoid, Charles A.: Contributions of Alexander Agassiz to Marine Biology,

Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., 4: 39—43, 1911.

Lloyd, Blodwen: The Technique of Research on Marine Phytoplankton, Jour.

Ecology, 13: 277-288, 1925.

Lohmann, H.: tlber die Quellen der Nahrung der Meerestiere und Putter's

Untersuchungen hieriiber, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., 2: 10-30,

1909.

: Beitrage zur Charakterisierung des Tier- und Pflanzenlebens in den von

der "Deutschland" wahrend ihrer Fahrt nach Buenos Aires durchfahrenen Gebieten



AQUATIC SYNECOLOGY 259

des Atlantischen Ozeans, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., I. Teil 4:

407-432, 1912; II. Teil, 5: 186-225, 343-372, 1913.

Lorenz, J. R.: "Physikalische Verhaltnisse und Verteilung der Organismen im

Quarnerischen Golfe," Wien, 1863. 379 pp.

Lutz, F. E.: " Field Book of Insects," G. P. Putnam's Sons, New York, 1918.

509 pp.

McClendon, J. F.: The Composition, Especially the Hydrogen-ion Concentra-

tion, of Sea-water in Relation to Marine Organisms, Jour. Biol. Chem., 28 : 135-152,

1916.

: The Hydrogen-ion Concentration CO2 Tension, and CO2 Content of

Seawater, Carnegie Inst. Wash. Pub. 251, pp. 23-69, 1917.

: On Changes in the Sea and Their Relation to Organisms, Carnegie Inst.

Wash. Pub. 252, pp. 213-258, 1918.

McEwen, George F.: The Distribution of Ocean Temperatures along the West

Coast of North America Deduced from Ekman's Theory of the Upwelling of Cold

Water from the Adjacent Ocean Depths, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog.,

5 : 243-285, 1912.

Matthews, D. J.: A Deep Sea Bact. Waterbottle, Jour. Mar. Biol. Assoc, 9:

525-529, 1913.

Mayor, A. G.: Hydrogen-ion Concentration and Electrical Conductivity of the

Surface Water of the Atlantic and Pacific, Carnegie Inst. Wash. Pub. 312, pp. 61-86,

1912.

Michael, E. L., and W. E. Allen: Problems of Marine Ecology, Ecology, II:

84-88, 1921.

Miall, L. C: "The Natural History of Aquatic Insects," The Macmillan Com-
pany, New York, 1895. 395 pp.

Murray, James: The Observation of Tides and Seiches in Frozen Seas, Internat.

Rev. Gesamm. Hydrobiol. u. Hydrog., 4: 129-135, 1911.

Nansen, Fridtjof: The Waters of the North-eastern North Atlantic. Investi-

gations made during the Cruise of the Fridtjof of the Norwegian Royal Navy in

July 1910, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., Hydrographisches Suppl.,

II: 1-139, 1913.

Needham, J. G., and J. T. Lloyd: "The Life of Inland Waters," Comstock Publ.

Co., Ithaca, N. Y., 1916. 438 pp.

Needham, J. G., and P. R. Needham: "A Guide to the Study of Fresh-water

Biology," The American Viewpoint Society, Inc., New York and Albany, 1927.

88 pp.

Packard, A. S., and P. R. Uhler: Insects Inhabiting Salt Water, Stillman's

Amer. Jour. Sci., 1871; i (3); rev. in Ann. Mag. N. H. (4) VII: 230 soc.

Peterson, C. G. Joh. (1911): Uber einige in Angriff genommene Untersuchungen

iiber Menge und Nahrung der niederen Tiere am Meeresboden, mit besonderer

Berucksichtigung der Ernahrung der Scholle im Limfjord, Internat. Rev. Gesamm.
Hydrobiol. u. Hydrog., 3: 3-5, 1910.

Peterson, C. G. Joh., and P. B. Jensen: Valuation of the Sea. I. Animal Life

of the Sea Bottom, Its Food and Quantity, Rept. of Danish Biol. Sta. to Bd. of Agr.

XX: 1-76, 1911. Trans. Fisherei-Beretnung, Copenhagen, 1910.

Powers, Edwin B.: The Variation of the Condition of Seawater, Especially the

Hydrogen-ion Concentration, and Its Relation to Marine Organisms, Puget Sound
Biol. Sta. Pubs., 2: 369-385, 1920.

: Experiments and Observations on the Behavior of Marine Fishes Toward
the Hydrogen-ion Concentration of the Sea Water in Relation to Their Migratory

Movements and Habitat, Puget Sound Biol. Sta. Pubs., 3 : 1-22, 1921-1925.

: The Absorption of Oxygen by the Herring as Affected by the Carbon
Dioxide Tension on the Sea Water, Ecology, IV: 307-312, 1923.



260 ANIMAL ECOLOGY

Ritter, W. E.: "The Marine Biol. Sta., San Diego," circ. by the Sta. at La Jolla,

Calif., 1910.

Rousseau, E. : "Les Larves et Nymphes aquatiques des Insectes d'Europe,"

Office de Publicite, Anc. Etablis J. Lebeque et Cie., Editeurs, 36 rue Neuve, Bruxelles,

1921. 967 pp.

Saunders, L. G. : Some Marine Insects of the Pacific Coast of Canada, Ann. Ent.

Soc. Amer., 21 : 521-545, 1928.

Schwartz, E. A. (1921): Preliminary Remarks on the Insect Fauna of the Great
Salt Lake, Utah, Canad. Ent., 23 : 235-241, 1891.

Sernow, S. A.: Grundziige der Verbreitung der Tierwelt des Schwarzen Meeres
bei Sebastopol, Internal. Rev. Gesamm. Hydrobiol. u. Hydrog., Abt. II, 3: 299-305,

1910.

Steuer, A.: Veranderungen der Nordadriatischen Flora u. Fauna wahrend der

letzten Dezennien, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., 3: 6-16, map, 1910.

: Einige Ergebnisse der 7. Terminfahrt S.M.S. Najade in Sommer 1912 in

der Adria, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog., 5 : 551-570, 1913.

: Horizontale und vertikale Verteilung der Copepoden nach den Ergeb-

nissen der deutschen Tiefsee-Expedition, Internat. Rev. Gesamm. Hydrobiol. u. Hydrog.,

7: 205-213, 1914.

Sumner, F. B. : An Intensive Study of the Fauna and Flora of a Restricted Area

of the Sea-bottom, U. S. Bur. Fisheries Bull, vol. XXVIII, pp. 1225-1263, 1910.

Thienemann, August: Der Zusammenhang zwischen dem Sauerstoffgehalt des

Tiefenwassers und der Zusammensetzung der Tiefenfauna unsere Seen, Internat. Rev.

Gesamm. Hydrobiol. u. Hydrog., 6 : 243-249, 1913.

: Untersuchungen iiber die Beziehung zwischen dem Sauerstoffsgehalt des

Wassers und der Zusammensetzung der Fauna in Norddeutschen Seen, Arch. Hydro-

biol. u. Planktonkunde, 12: 1-65, 1918.

——— : Biologische Seetypen und die Griindung einer hydrobiologischen Anstalt

am Bodensee, 1921-1922.

Vernadski, V.: Living Matter and Marine Chemistry, Rev. gen. sci., 35: 13-15,

46-54, 1924.

Walker, J. J.: One of the Genus Halobates Esch., and Other Marine Hemiptera,

Ent. Monthly Mag., 29 : 227-232, 1893.

Ward, H. B., and G. C. Whipple: " Fresh-water Biology," John Wiley & Sons,

Inc., New York and London, 1918. 1111 pp.

Warming, B., C. Wesenberg-Lund, etc.: Sur les "vads" et les sables maritimes

de la Mer du Nord, Ron. Danske Vid. Selsk. Skrift, vol. VII, R. II, pp. 48-56, 1904.

Wilson, O. T.: Some Experimental Observations of Marine Algal Successions,

Ecology, VI: 303-311, 1925.

Wolff, Max: Die Putter'schen Untersuchungen liber die Nahrung der Marinen

Tiere und iiber den Stoffhaushalt des Meeres, Arch. Hydrobiol. u. Planktonkunde,

4: 193-202, 1909.

Yendo, K.: On the Cultivation of Seaweeds with Special Accounts of Their

Ecology, Proc. Roy. Dublin Soc. Econ. 2 : 105-122, 1914; rev. Jour. Ecology, II: 126-129,

1914.

Zacharias, Otto: Uber Periodizitat, Variation und Verbreitung verschiedener

Planktonwesen in siidlichen Meeren, Arch. Hydrobiol. u. Planktonkunde, 1 : 498-575,

1906.

Zschakke, F.: Leben in der Tiefe der sub-alpinen Seen. Ueberreste der eiszeit-

lichen Mischfauna, Arch. Hydrobiol. u. Planktonkunde, 8: 109-138,1913.



CHAPTER XIII

PHYSICAL CHARACTERISTICS OF AQUATIC COMMUNITIES

There are few environments which are so definitely circumscribed,

and which lend themselves to exact physical measurement as lenitic

environments do. It is for this reason that they are of special interest

not only as aquatic environments, but as objects of study for the better

understanding of environments in general.

Birge and Juday (1911) say of their work on the Wisconsin Lakes:

Perhaps the chief interest which our work has had for us has been the fact

that its progress has revealed to us the existence of physiological processes in lakes

as complex, as distinct, and as varied as those of higher animals. The processes

which we have studied are intricately bound up with physical, chemical, and

biological processes of every kind, of which limnologists are still in large measure

ignorant.

These relationships and processes are to be found everywhere in

nature, though they may be less susceptible to analysis in other environ-

ments. The student of terrestrial synecology may do well to study the

results of the aquatic synecologists.

Forel, Halbfass, Birge and Juday, Thienemann, and others demon-

strated that the form and size of lenitic environments are of first impor-

tance in determining the physical conditions within them. This is

particularly true with regard to the penetration of solar radiations,

and the action of the wind which distributes heat and gases, and erodes

the shore line. The form of the lake basin determines not only the phys-

ical conditions, but also the biotic conditions through the materials which

may be carried into the lake by streams, and which may remain in solution

or accumulate as sediment in the bottom.

The distinction between lakes and ponds is a matter of size, or

specifically the ratio of surface and bottom to volume, which may be

measured by depth. Temporary ponds are distinguished from per-

manent ponds by the fact that there is no water present during a part of

the year. The water may evaporate because the surface area, which is

exposed, is so great in proportion to its volume that, in the absence of an

adequate source, all of the water evaporates. In climates where evapora-

tion exceeds rainfall, there are many such temporary ponds. Again, the

water may be absent because it has all been frozen, due to the great

surface exposed to low temperature. In northern climates there are many
such temporary ponds.

261
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The classification of lakes (Whipple, 1927; Birge, 1914; Thienemann,

1925; and others), which is of greatest ecological significance, is based

directly or indirectly on depth, which is the measure of the ratio of surface

to volume. The proportion of the total volume of water which receives

energy from solar radiation (Birge, 1914), depends upon the size and shape

of the lake basin. The extent to which the wind is able to distribute

this heat (Birge, 1914), depends partly on the lake itself and partly on the

physiography of its environs. The presence or absence of oxygen in the

lower water is immediately dependent upon biotic phenomena which are

in turn dependent upon the form of the lake basin and the materials in

solution in the water.

Morphometry.—Methods of studying the morphometry of inland

lakes have been described by Birge and Juday (1914) and more recently

by Whipple (1927). Many of the methods used in physical oceanography

(Helland-Hansen, 1911; Murray and Hjort, 1912; and others) may be

adapted to fresh water.

In northern climates such studies may be made while the surface is

frozen. The outline may then be accurately made with a plane table, and

the depth determined with some of the simpler sounding apparatus

(Whipple, 1927) at regular intervals. By using cross-section paper on

the plane table, an accurate record may be made in a short time.

The mean depth of a lake may be calculated from the following

V
formula: -r = DM: V = volume, A = area;DM = mean depth. Planim-

eter measurements of areas are the most rapid and reliable.

Volume is computed from the following formula.

h
v = ?(s1 + s% + V^A);

where

h = thickness of stratum,

Si = area of upper surface of stratum,

$ 2 = area of lower surface of stratum.

This is Penk's formula, and Halbfass has shown that all of the

formulae give about the same results. (See Juday, 1914.)

Hygrometry.—It has been stated above that depth is a most impor-

tant characteristic of a body of water because it determines the proportion

of the volume of water which may receive solar radiation in the form of

heat and chemical energy. The former determines the thermal stratifica-

tion and stability of the lake, and the latter furnishes the energy for

photosynthesis which in turn forms the basis for all biological processes

in the water.
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Methods of Measuring Physical Characteristics of Lenitic Environ-

ments.—Light is measured directly at various depths both as to the

actinic and heat rays by certain methods (Klugh, 1925) ; and the trans-

parency of the water is measured by other means. Sechi's disc (Sechi,

1866) is a white or black and white metal disc which may be used for a

comparative measure of the transparency of water. It has probably

been used more widely than any other method. Typical results, as

given by this disc which is lowered into the water to obtain the mean of

the depths at which it disappears, and the depth at which it reappears

when drawn up, are given by Needham and Lloyd (1916).

Depths Meters

Pacific Ocean 59

Mediterranean Sea 42

Lake Tahoe 33

Lake Geneva 21

Cayuga Lake 5

Fure Lake, March 9

Fure Lake, August , 5

Fure Lake, December 7

Spoon River under ice 3 . 65

Spoon River at flood : 0.013

The Geneva Commission incandescent lamp gives a measure of

transparency. When the light is lowered, it gives the appearance of a

bright spot surrounded by a halo. The point at which the spot disappears

is taken as the limit of clear vision, and the point at which the halo dis-

appears is taken as the limit of diffused light.

The photographic method is a standard of measurement which gives a

much better value than the above methods which are more or less com-

parisons of transparency. It measures the actinic end of the spectrum.

Klugh (1925) gives a summary of the attempts with photometers.

Forel (1877) introduced this method, which has since been refined by the

use of various filters in order to determine the quality of the light present

at various depths. Shelford (1922) used a photo-electric cell. Khigh's

photometer (Klugh, 1925) has been discussed in connection with the

subject of light.

The heat of the sun's rays as it penetrates the water of a lake was
measured by Birge and Juday (1921) by a pyrlimnometer (Birge, 1922)

which consists of a series of black and white silver discs mounted over

iron-constantin thermocouples, by means of which the temperature is

read and calculated in calories per square centimeters per minute.

The color of water as affecting the transparency is due to the sub-

stances which are in solution. All methods of measuring the color values

of water depend upon the same principle—the comparison of the water

with an arbitrary standard. The platinum cobalt, the Natural Water



264 ANIMAL ECOLOGY

Standard, and the Nesler Water Standard are the ones commonly used

(Whipple, 1927).

There are two seasons of maximum color values, one in the early sum-
mer, May or June, and one in the early winter, November or December.

Whipple (1927) states that he found that in some of his experiments the

water at the surface will be bleached as much as 20 per cent in 100 hours of

bright sunlight. Bleaching is said to be independent of temperature and
dependent entirely upon the amount of sunlight. It is difficult, however,

to distinguish between bleaching and color changes due to chemical and

biotic processes which may be going on in the water.

Turbidity of the Water.—The method of measuring turbidity which

has been employed by Hazen at the Lawrence Experiment Station is by
means of a platinum wire lowered into the water. A bright wire 1 mm.
in diameter and projecting at right angles from the rod was lowered into

the water, and the depth at which it disappeared from view was noted.

Water in which this wire disappeared from view at a depth of one inch

was taken as the standard of measurement, and its turbidity was desig-

nated at 1.0. The rod to which the wire was attached was graduated in

inches, and the degrees of turbidity were read off in percentage of the

unit of turbidity. Water in which the wire disappeared from view at

five inches has a turbidity of 0.2. The U. S. Geological Survey turbidity

rod is graduated in millimeters, and readings may be converted to turbid-

ity in parts per million by the use of a table (Whipple, 1927). It is obvi-

ous that this method does not make any distinction between color and

turbidity.

Temperature of water has been measured by various thermometers

(Juday, 1916; Helland-Hansen, 1911; Murray and Hjort, 1912; Whipple,

1927), which act as minimum or maximum recording instruments. The

Richter reversing thermometer (Murray and Hjort, 1912) is so made that

a column of mercury is broken off from the volume of mercury in the bulb,

at the time that a reading is desired, by reversing the ends of the ther-

mometer. This gives a column of mercury of a given length at the

temperature which is to be determined. By comparison with a ther-

mometer mounted in the same case, a correction is applied in the reading

of the temperature, making the accuracy as great as 1/ 100°C. Resistance

thermometers and thermocouples have been used (Birge, 1922; Whipple,

1927), but instruments requiring galvanometers for reading are difficult

to use in boats; consequently, the thermophone which employs an inter-

rupter to detect the presence of a current has been devised (Whipple,

1927).

Water samples, especially when well insulated, may be used for deter-

mining the temperature of the water when brought to the surface. The
" Peterson-Nansen " water bottle (Murray and Hjort, 1912) has thus

been used.
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The mean temperature of a body of water is computed as follows:

Multiply the mean temperature of each stratum of a lake by the per cent

of that stratum in the whole volume of the lake and add the several

products. The result will show the mean temperature of the water.

[(Tm 1)(% 1)] + [(Tm n)(% n)] = Tm of whole lake.

The thermal stratification of water in lakes and ponds, is due in part

to the manner in which the sun's energy is transmitted below the surface,

and partly to the conduction and convection capacities of the water as

well as to its relative viscosity. Birge and Juday (1921) have shown

that in Seneca Lake about 70 per cent of the sun's energy is absorbed by
the first meter of water and that only about 1 per cent of it reaches the

tenth meter. In a more recent investigation (Birge and Juday, 1929), a

series of lakes has been studied by the thermopile method of measuring

the transmission of solar radiation. Lakes which have a large amount
of material in suspension, such as plankton, or highly colored water due

to material in solution, transmit the least solar radiation. In general,

the shallower lakes transmit the least radiation through the first meter;

and in none of them is there more than 40 per cent left below the first

meter. Shelford and Gail (1922) used the photo-electric cell in a study

of light penetration in Puget Sound and showed a transmission of about

60 per cent of the light through the first meter by their method. Klugh

(1927) measured the transmission of light into the Bay of Fundy and

found 40 per cent of red, 78 per cent of green, and 55 per cent of blue at

the end of the first meter. In Chamcook Lake he found 58 per cent of

the total light at the end of the first meter, and 10 per cent at 10 m. The
agreement of the results from these various methods is close enough to

indicate that most of the light is absorbed in the first 3 m. of water. The
water of a pond may, therefore, take up as much of the sun's energy as a

deep lake, for the latter will receive it only in its surface layers. The
pond will transmit little of the sun's radiation because of the color of the

water and the amount of suspended material.

The further distribution of this heat is dependent upon the conduction

of convection capacities, with the exception of the action of the wind,

which will be treated later. The conduction capacity of water is low, as

has already been stated. The convection capacity is important and is

dependent upon the relative density of the water at different temperatures.

This may best be appreciated by a study of the accompanying table modi-

fied from Birge (1910).

The relative difference of density of water at 4 and 5°C. is taken as

one. On this basis the relative difference of density at 29 and 30°C.

is 37.25 times as great as at 4 and 5°C. Stating the facts in terms of

resistance which this water will offer to mixing, it may be said that it

takes 37.25 times as much energy to mix two volumes of water, one at
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Table XIV.

—

Temperature and Density of Water 1

Temperature,

°C.
Density

Difference in

density for 1°C.

Relative

difference

for 1°C.

Work done in

mixing. Ergs.

0.999868 +0.000059 7.38 0.0491

1 • 0.999927 +0.000041 5.12 0.0342

2 . 999968 +0.000024 3.00 0.0200

3 0.999992 +0.000008 1.00 . 0067

4 1.000000 -0.000008 1.00 0.0067

5 0.999992 -0.000024 3.00 0.0200

6 0.999968 -0.000039 4.88 0.0325

7 0.999929 -0.000053 6.62 0.0441

8 0.999876 -0.000068 8.50 0.0566

9 . 999808 -0.000081 10.12 0.0675

10 0.999727 -0.000095 11.18 0.0791

11 0.999632 -0.000107 13.38 0.0891

12 0.999525 -0.000121 15.12 0.1008

13 0.999404 -0.000133 16.62 0.1108

14 0.999271 -0.000145 18.12 0.1208

15 0.999126 -0.000156 19.50 0.1299

16 0.998970 -0.000169 21.12 . 1408

17 . 998801 -0.000179 22.38 0.1491

18 0.998622 -0.000190 23.75 . 1583

19 0.998432 -0.000202 25.25 0.1683

20 0.998230 -0.000211 26.38 0.1758

21 0.998019 -0.000222 27.75 0.1849

22 0.997797 -0.000232 29.00 0.1993

23 0.997565 -0.000242 30.25 0.2016

24 0.997323 -0.000252 31.50 0.2099

25 0.997071 -0.000261 32.62 0.2174

26 0.996810 -0.000271 33.88 0.2257

27 0.996539 -0.000280 35.00 . 2332

28 0.996259 -0.000288 36.00 0.2399

29 0.995971 -0.000298 37.25 0.2482

30 0.995673

iBirge, 1910.

29°C. and one at 30°C, with the warmer lighter water lying above the

cooler heavier water, as would be required if these volumes were at 4

and 5°C. in the same respective positions. The graph from Birge (1910)

presents these facts in a way that facilitates comparison (Fig. 82).

By comparing the graph of the transmission of the sun's radiation

(Fig. 97) with that of resistance to mixing, it will be seen that 90 per cent

of the heat of solar radiation is received and retained in the upper 3 m.

of water and that the more heat this water receives and retains, the less

possibility there will be of its being mixed with that below it. We have

here the basis for explaining the fundamental difference between ponds

and lakes.
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Ponds are but a meter or two deep and the heat of solar radiation

penetrates to the bottom. The surface area exposed to the wind is large

as compared with the volume, and the water may be mixed whenever the

wind blows. Lakes are deep and the ratio of the surface area to volume

40
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Fig. 82.—The relation of 1° of temperature difference to the resistance to mixing of
water. Relative thermal resistance on the ordinate, the resistance at 3° — 4° and 5° — 4°

being taken as unity. (Birge, 1910.)

is small as compared with this ratio for ponds. Consequently, the heat

absorbed in the surface layers builds up a resistance to mixing which
cannot be overcome by the wind. Having made this distinction between
lakes and ponds, the temperature phenomena in lakes will be postponed
to the chapter on Lakes.

Pressure.—The pressure in a body of fresh water increases at the

rate of one atmosphere for 10.328 m. with a slight increase due to the
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compression at greater pressure. It follows that a lake 100 m. deep will

have a pressure of approximately 10 atmospheres. Again ponds and
lakes differ, in that the extreme conditions of pressure are to be found only

in lakes.

Movements of Water.—Movements of water in lenitic environments

are restricted almost entirely to waves caused by the wind. The surface

exposed is a factor in determining the amount of energy which may be

applied to the lake, and the depth to which the water may be affected is

largely controlled by the thermal stratification. (Birge and Juday,

1914; Whipple, 1927.)

The action of the waves on the shoreline is almost entirely dependent

upon the surface area on which the wind may act. When waves advance

upon the shore, after having gathered momentum over long distances,

they meet with friction on the bottom slowing the deeper parts, while the

surface rushes ahead forming a " breaker. " When the wave recedes, it

carries with it the silt and finer sand, leaving the coarser materials on the

beach. This action creates unfavorable conditions for plants, and leaves

open beaches. The silt is carried out into the lake where some materials

may remain in solution, some in suspension; while others settle to the

bottom to contribute to the layer of mud that is so important in support-

ing the bottom fauna and flora.

Movements of ice also act to modify the shore line. This occurs on

its expansion at the times of freezing and thawing (Birge and Juday, 1914),

and later when pieces of ice are driven about by the wind. Again surface

area is a factor and ponds tend to differ from lakes in having less severe

conditions.

Minerals and Other Substances.—The concentration of inorganic

material in fresh water varies with that of the soil, through or over which

the water has drained into the lake or pond. The salt content of sea water

differs from that of fresh water in both quality and quantity. Sea water

averages 350 parts per million. Fresh waters are richer in silica than sea

waters. Forel considered the composition of lake waters to be uniform

both as to time of year and as to the strata of the lake. The determina-

tions of Birge and Juday (1914) show that this is not the case. The

diagram of Beasley Lake (Fig. 83) taken from Birge and Juday (1911),

shows the variations with depth. When compared with the graph of

plankton distribution, it will be seen that the greatest fluctuations occur

at the depth of maximum plankton abundance (Fig. 84). This indicates

that many of the materials are present in organisms rather than in sus-

pension or solution in the water.

A general conception of the results of mineral analysis of lake waters

may best be obtained by the study of the following table from Birge and

Juday (1911).
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Table XV.

—

Mineral Analyses of Wisconsin Lakes 1

(In parts per million)

Lake Date
Depth,

meters
Si0 2

Fe 2 3

+ A1 2 3

Ca Mg Na K C0 3 HC0 3 S0 3 CI

Bass 9/07 5.0 5.0 0.6 1.2 0.3 0.6 0.0 4.9 1.4 2.5

13.3 1.7 46.6 27.8 2.4 2.0 2.0 104 10.3 2.8

9/9/07 8 21.6 0.8 43.5 27.8 2.2 2.1 0.0 118 9.4 2.5

14 33.0 4.0 47.1 28.0 2.6 1.9 121 11.8 2.0

6.9 0.8 16.2 19.5 3.8 2.4 8.0 107 10.7 6.0

Elkhart .... 9/12/07
10

21

8.5

9.4

1.1

1.8

10.1

24.1

24.8

26.8

3.9

4.3

1.9

2.2

4.0

0.0

121

129

12.7

10.6

5.0

5.2

i
33 10.8 2.6 24.9 26.0 4.5 2.4 0.0 136 12.4 6.5

6.1 1.5 16.9 9.0 3.6 0.8 11.0 88 12.8 6.0

Garvin 9/5/07 « 6 7,6 1.8 23.0 23.0 0.0 117 11 4 5

1
9 16.9 9.1 28.4 25.1 2.0 1.4 153 11.5 5.6

7.8 0.7 18.3 25.8 4.6 2.5 11.0 94 12.5 5.0

Geneva 9/26/07 <

15

30

0.7

1.1

20.0

21.8

27.0

27.3

4.4

4.1

2.5

2.2

0.0

0.0

111

113

13.0 5.0

5.0

41 11.1 2.0 22.8 27.5 4.2 2.8 0.0 114 14.1 3.5

f

° 8.4 1.6 16.4 25.9 3.0 3.1 8.0 87 16.0 6.0

Green 9/14/07
15

40

8.4

10.3

2.0

2.1

23.8

24.0

26.0 3.5

3.4

2.8

2.9

0.0

0.0

109

110

15.8

16.3

5.5

6.2

65 10.4 2.2 21.7 25.3 3.6 3.1 0.0 112 18.6 5.5

8/27/09

3

4

4.5

5

14.6

14.3

13.6

18.6

9.2

1.7

1.1

0.7

1.4

1.6

39.1

32.5

29.3

38.8

17.4

24.1

22.7

22.7

23.8

21.8 74

3.7

4.0

4.1

3.4

15.2

2 3

2 5
Knights ....

2 3

1 9

2.7 2.6 10.0 3.0

9/18/07 «

14

17

22

8.5

9.0

21.2

1.6

1.8

2.8

17.6

17.6

22.2

20.0

20.2

21.5

0.0

0.0

0.0

108

116

132

15.4

15.7

15.1

Mendota. . .

3

4.6 1.8 3.0

6.5

2.5

2.6

0.5 31.3

46.2

30.0

32.0

8.0 99 12.5 3

N. W. part

.

8/10/05 J 8 9.1 0.8 49 1 27 5 131 14 4 2 5

15

22

9.7

11.5

1.1 49.2

49.3

26.4

27.4

127

128

12.1

10.2

4

2 5

Birge and Juday. 1911.

Certain of the minerals are found in greatest abundance at the

bottom of lakes and at the end of summer stagnation in the hypolimnon.

Silica is carried down in the shells of diatoms as they die and sink to the

bottom. Iron goes into solution in the absence of oxygen in the hypo-

limnon and is precipitated out again when oxygen is distributed at the

time of the overturn.

A comparison of the Wisconsin lakes with Borradaile's (1923) data for

the ocean is as follows:
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Concentration in Parts per Million

Salt Ocean Wisconsin lakes

Na.

Mg.
Ca.

K..

01..

S0 4

C0 3

306.4

37.6

12.0

10.9

552.1

77.0

2.1

3.23

19.63

26.92

2.05

3.28

9.84

2.23
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Fig. 83.—Beasley Lake, August 3, 1908. S, silica, M, magnesium; and C, calcium.
The vertical spaces represent depth in meters and the horizontal spaces parts per million.

(Birgp- and Juday, 1911.)
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Fig. 84.—Vertical distribution of plankton organisms in Beasley Lake, August 3, 1908.
Scale, 1 horizontal space = 100 Crustacea, nauplii, and rotifers per liter of water, and 2,000
algae and diatoms. Predominant forms: Aphanocapsa, Fragilaria, Dinobryon, Uroglena,
Polyarthra, and Cyclops. The large number of rotifers at 6 m. and 7m. consisted almost
wholly of Polyarthra. (Birge and Juday, 1911.)
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Such comparisons are apt to be misleading if we do not keep in mind the

fact that both the ocean and the lakes vary in the amounts of the different

materials. The calcium, for instance, was found to be 49.6 parts per

million in certain parts of Lake Mendota during the fall. Lake water

may, therefore, exceed sea water in the concentration of certain materials,

but in others it may be far below it.

The Gases in the Water.—The study of the Wisconsin lakes has

contributed much to our knowledge of gases in lenitic environments;

and it is doubtful if there is a more comprehensive treatment of the

subject than in Birge and Juday's (1911) volume on the dissolved gases

in these lakes and Whipple (1927). Oxygen and carbon dioxide are the

most important of these gases, though nitrogen, methane, hydrogen

sulphide, and ammonia demand consideration.

Atmospheric air is ordinarily composed of 79.2 per cent of nitrogen,

20.5 per cent of oxygen, 0.03 per cent of carbon dioxide, and small traces

of the other gases. Water absorbs them from the air in the following

percentages: oxygen, 34.91; and nitrogen, 65.09; on account of the fact

that the solubility of these gases bears a very different ratio from their

relative percentages in the air as shown in the following table from Birge

and Juday (1911). This table also illustrates the effect of temperature in

reducing the solubility of the gas.

Cubic Centimeters of Gas per Liter of Water from a Pure Atmosphere of the
Gas at 760 mm. Pressure

Temperature Oxygen Carbon dioxide Nitrogen

0°C.

20°C.

41.14

28.38

1796.7

901.4

20.35

14.03

Each gas is absorbed from the air independently of all others and in

proportion to its own pressure. The volume of gas absorbed is influenced

by pressure because the volume of a gas is decreased by increased pressure.

Consequently, when measured at a standard pressure of 760 mm., the gas

absorbed at twice this pressure gives twice the volume; and the gas

absorbed at half the pressure gives half the volume.

The Winkler method of determining the quantity of dissolved oxygen

and the Seyler methods for carbon dioxide are described by Birge and
Juday (1911); Shelford (1929); and Powers (1927). Various methods
have been used in obtaining the samples of water.

The distribution of gases in time and space in a lenitic environment

presents an interesting example of the mutual relationship between organ-

isms and their environment in determining conditions for existence.

Purely physical processes govern the intake of oxygen and carbon dioxide

at the surface where the water is in contact with the atmospheric air, and
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in and on the surrounding soil as the ground and surface waters come into

the lake. This is also true of the mixing of the waters by the winds which

may circulate them daily in ponds or semi-annually in the larger lakes of

the temperate regions. However, there are biological processes which

create a supply and demand for oxygen and carbon dioxide, which much
of the time are more in accord with the distribution of these gases than

are the physical factors involved.

The surface of a lake is exposed to the atmosphere and tends to come
into equilibrium with it. But in the great volume below the surface,

diffusion plays a relatively small role in maintaining the oxygen supply.

Whipple (1928) says that Hiifner calculated that over a million years

would be required for the Bodensee, which is 250 m. deep, to restore its

2 if deprived of it ; i.e., by diffusion alone. However, lakes are not depend-

ent upon the atmospheric air for their oxygen supply. The respiration

of a body of water may produce a net excess of oxygen. The subject of

the oxygen conditions in lakes will be returned to in connection with the

classification of lakes.

Putter (1924) says that in summer the surface plankton in Kiel

harbor liberates 2.34 + 0.07 mg. 2 per liter of H 2 per day. This

implies sugar formation at the ratio of 2.27 mg. per liter per day and 2

liberation of about 400 mg. per square meter per hour of daylight.

In the respiration of the planktonic organisms, we have a reciprocal

relationship in the production of oxygen and consumption of carbon

dioxide, in photosynthesis on the part of the plants and in the respiration

of the animals. In the bottom of the lake the process of decay in the

dead bodies of plants and animals often exhausts the oxygen supply and

creates an excess of C0 2 . What effect these biological processes may have

on the quantities and distribution of these gases in a lake may best be

seen in the following diagrams (Figs. 85 and 86) of Knights Lake (Birge

and Juday, 1911).

This is an extreme case in which the oxygen content is a saturation

to a depth of two meters and then mounts to more than 350 per cent of

saturation at 43^ m. and again falls off to only a trace at 7 m. and entire

absence, so far as determinations could ascertain, at a little over 8 m.

The increase of oxygen is correlated with 100,000 algae and 20,000 diatoms

to the liter of water in the third to the fifth meters. In the zone in which

we find the sudden drop of oxygen, we find 900 rotifers and more than

200 crustaceans, including the nauplii. The curves for carbon dioxide

and mono-carbonates indicate a great demand for carbon dioxide by the

photosynthetic forms.

A comparison of the first 2 m. which are stirred by the winds with

the strata below where biological processes are in control, furnishes a

good comparison of the potential importance of the physical and biolog-

ical phenomena.
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It is seen that when the water is shallow, mixing by the winds may
keep conditions fairly stable, in vertical distribution as in ponds, and that

in lakes there may be great gradients in vertical distribution but stability

over periods of time.
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Fig. 85.—Knights Lake, August 25, 1909. T, temperature; C, carbon dioxide; O,
oxygen; cb, carbonates. Note the correlation in depth of high alkalinity, excess oxygen,
and increase of fixed carbon dioxide. (Birge and Juday, 1911.)

The situation with carbon dioxide is complicated by its existence in

three states. It may be present in chemical union as normal or mono-
carbonates, CaCo 3 or MgCo 3 . This is fixed carbon dioxide and its pres-

ence is dependent upon the presence of a base. One liter of pure H 2

dissolves only 0.0131 g. of CaCo 3 at 16°. It is also found as bicarbonates
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Fig. 86.—Vertical distribution of plankton organisms in Knights Lake, August 25,
1909. Scale, 1 horizontal space = 50 Crustacea, nauplii, and rotifers per liter of water!
and 4,000 algae and diatoms. The maximum quantity of dissolved oxygen is correlated
in depth with the maximum number of diatoms, but the maximum number of other algae is
1 m. above this depth. (Birge and Juday, 1911.)

or half-bound carbon dioxide. Its presence is indicated as Ca(HC0 3) 2

(CaCo 3 + H 2 + C0 2). It is not as stable as the normal and the algae
are able to make use of a large part of it in their photosynthetic activities.

Free carbon dioxide is also found. The degree of alkalinity of the
water may be measured by the amount of C0 2 which would be required
to convert the normal carbonates into bicarbonates and thus restore the
water to the neutral condition. If there are 32.3 c,c. of normal and 27 c.c.
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of bicarbonates in the surface water, the difference is 5.3 c.c, which is

the amount of C0 2 which would have to be added to the water to make
it neutral. This is the amount of free C0 2 used by the plants.

The Neutrality of the Medium.—Many of the complex relationships

between oxygen, carbon dioxide, and the various carbonates and salts

to be found in the water, result in changes in the hydrogen-ion concentra-

tion. Some investigators are inclined to look upon the hydrogen-ion

concentration of the water as a sort of algebraic sum of many factors,

which sum is more important as a measure of the environment than the

measurement of any of the individual factors which contribute to the

balance of hydrogen and hydroxyl ions.

Our knowledge of the range of hydrogen-ion concentration in environ-

ments is confined to relatively recent and incomplete investigations.

Shelford (1923, 1925, and 1929) has made determinations in various

localities including different watersheds. His results when tabulated lie

between relatively constant extremes as follows:

Locality Maximum pH Minimum pH

Illinois lakes and streams

Puget Sound and Columbia River basins

Salt Lake, and Colorado and Rio Grande drainage

basins

Mississippi and Great Lakes drainage basins

(If the single case of Vincent Lake is omitted the above

values are)

6.7

6.5

6.5

4.4

6.5

He concludes that altitude increases the hydrogen-ion content prob-

ably due to a decreased salt content and that heavy rains increase the

hydrogen ions due to a dilution of the buffer. Shelford (1925) gives

a graph for the determination of the pH value of water, when the free

carbon dioxide and HC0 3 are known but states in the text that it does not

hold for the polluted Illinois River or for certain well-water, etc.

In Crystal Lake, Minn., which belongs to the Mississippi drainage

basin, C. B. Philip and the author obtained readings varying from pH9.4,

in a shallow bay, over a bed of marl, to 7.1 at the bottom of the lake in

37 feet of water. In the shallow bay the values varied from pH 7.6

in the early morning to 9.4 in the late afternoon of a bright warm day.

It seems from the evidence now at hand, that the hydrogen-ion concen-

tration as expressed by the pH value may be a measure of general condi-

tions in the environment including certain physical and biotic factors.

It would therefore, be difficult to distinguish cause from effect in measur-

ing an environment by this factor alone.

Cowles and Schwitalla (1923) made a study of a creek, 1,376 feet in

length, including several small ponds. These authors found variations
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between pH 6.5 and 7.2. The graph in Fig. 87 shows the distribution of

these values in space and time.

Cowles and Schwitalla remark about the diurnal variation of the pH
values and consider it in harmony with the free carbon-dioxide content.
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1923.)

They also conclude that a large population of Euglena is confined to

sections of the water course where the water is stagnant and has a low

but uniform pH.

Further discussions of physical factors will be included with the

descriptions of the various aquatic environments.
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CHAPTER XIV

BIOTIC CHARACTERISTICS OF AQUATIC COMMUNITIES

The population of lakes and ponds may be classified on the basis

of their position in the water : as pelagic, living in the water independent

of the bottom; and benthic, living on the bottom. The pelagic forms may
be subdivided into plankton and nekton, the former being the free-floating

forms which have no directive swimming activity; and the latter, the

larger forms which swim directively.

The ecological categories were first defined for the ocean and have

since been applied to fresh-water communities. Steuer (1910) has given

the following diagram of these categories (Fig. 88)

:
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Fig. 88.—Steuer's ecological categories of aquatic organisms.

Hensen used the term "plankton" to designate the forms which

floated freely. Haeckel (Johnstone, 1924) proposed the terms "benthos"

(benthos—bottom) and "nekton" (nektos—swimming). These terms

have come into general use and Johnstone (1924) has sought to define

them in accordance with this general usage.

The following types of plankton are now recognized (Steuer, 1910):

potomoplankton, of running water; heloplankton, of ponds; eulimno-

plankton, of lakes; cryptoplankton, the plankton of the perpetual ice

and snow ; nannoplankton, the minute plankton which escape the ordinary

methods of filtration and which are to be detected by centrifuging.

A comprehensive study of this independent, self-supporting ecological

unit is as broad as biology itself, as may be seen from a study of Steuer

(1910), Hentschel (1923), or Johnstone (1924).

280
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For qualitative studies, identifications of fresh-water organisms may
be made from Ward and Whipple (1918); for the phytoplankton, from

Smith (1920).

For quantitative studies, the first method was that of Hensen with

his quantitative net and pipet. The most common method has been

by the use of the Sedgwick-Rafter counting apparatus (Whipple, 1927).

The sample of water may be obtained by the use of a pump and a hose

extending to the desired depth or by the use of a water bottle (Steuer,

1910; Birge, 1922; Birge and Juday, 1922).

The Sedgwick-Rafter filter concentrates a sample from 500 c.c. to

5 c.c. The standardized sand in the filter is then rinsed and the number
of organisms counted in a cell which is 1 mm. thick and contains 1 c.c.

An eyepiece micrometer is used to count the individuals and estimate

their quantity in "standard units. " The standard unit of Whipple is an

area 20 microns on a side, or 400 square microns. Twenty squares,

under the micrometer eyepiece, each representing 1 c.mm., are counted

from various parts of the cell and the number of standard units in the

entire cell estimated by the use of the following formula

:

50i =
( oa X 1,000 jnumber in 1 c.c. of concentrated plankton.

y~~ =
( o jnumber in 1 c.c. of unconcentrated plankton.

t = number of organisms in 20 squares.

Steuer (1910), Whipple (1927), Johnstone (1924), and others describe

various methods of estimating the quantity of plankton, but the centri-

fuge method seems the most satisfactory. Birge and Juday (1922) have
used a continuous centrifuge which has made it possible to make deter-

minations based on large quantities and to analyze for various organic

compounds.

Birge and Juday (1922) have used a pump for obtaining the water
while we have used a modified Kemmerer sampler made by Arthur

Hertig of the University of Minnesota (unpublished).

Certain general conditions of the existence of the plankton will

be considered at this time, while special conditions within the various

environments will be postponed until discussion of the environments.

Since planktonic organisms are characterized by their ability to

exist as free floating, the factors involved in floatation must be of impor-

tance. The distribution of sunlight in the upper layers of water deter-

mines that photosynthetic organisms must live near the surface. Other
organisms are attracted to the zone in which the primary process of food

manufacture is going on.

We shall now consider the physical factors which may be concerned
with the sinking of planktonic organisms.
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Ostwald (1903) and Steuer (1910) proposed a formula for calculating

the rate of sinking of planktonic organisms under various conditions.

One may get a measure of the value of the various factors involved by
applying Stokes's law.

Stokes's law for the settling of particles may be expressed as follows:

V = 2R*(S - Si)G

9N

V = velocity of settling.

R = radius of the particle in centimeters.

S = specific gravity of the particle.

Si = specific gravity of the liquid.

G = gravity (988 dynes).

Dyne = force which, acting upon 1 g., will impart a velocity of 1 cm. per second or

about that of 1 mg. weight acting under the influence of gravity.

N = viscosity of the liquid.

The velocity of settling will be zero for a free-floating plankton.

The radius of the particle is introduced for the factor of size. The
planktonic organisms, however, are usually radiate either as individuals

or as colonies with a consequent increase in surface as compared with

volume. Since the formula provides for taking twice the square of the

radius, it may be seen that size or surface is very important. Wesen-

berg-Lund called attention to the fact that many planktonic organisms

belonging to different phyla were found to have longer processes in warm
water, where viscosity and density of the water are both reduced. In

the following table the data for Bosmina have been taken from Wesen-

berg-Lund (1910) and the length of beak is given in per cent of the body

length, and this value is compared with the viscosity of the water at

the various temperatures given.

Temperature,

°C.
Relative viscosity

Length of beak, per

cent of body length

1

6

12

15

22

2.15

1.84

1.53

1.42

1.19

122

188

211

220

227

The length of the beak is not a true measure of the surface change,

yet it does show that when viscosity was lowered 80 per cent the beak

ratio increased 86 per cent.

The comparison of the specific gravity of the particle and the liquid

next appears in the formula. The specific gravity of the water increases
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very rapidly at the thermocline because of the change in temperature

(Eyden, 1924). However, the specific gravity of planktonic organisms

likewise changes rapidly as they settle into the cooler water. Being

composed largely of water, the change of specific gravity of its protoplasm

must closely parallel that of the water. Needham and Lloyd (1916)

point out that there are many droplets of fat and oil which seem to decrease

the specific gravity of planktonic organisms.

Gravity is a constant force in the formula of settling and consequently

needs no discussion, so long as the organisms swim with random move-

ments only. In the case of many, however, this is hardly true as they

often overcome the action of gravity by swimming upward.

Viscosity is an important factor appearing in the denominator as

nine times its measurable value. Consequently, the retardation of set-

tling of particles at the thermocline is very great. In shallow lakes and

ponds where stratification is absent and the water is in circulation when-

ever the wind blows, the currents of water assume an important role

in controlling the distribution of planktonic organisms.

While planktonts as a group are characterized by their lack of direction

in swimming, there are, however, diurnal movements on the part of

certain of the Crustacea especially, which tend to migrate to the surface

at night. Birge (1896), Juday (1903), and others have advanced various

explanations for such phenomena.

In fresh-water environments it is not easy to draw a definite line

between the plankton of the littoral and of the abyssal zones. In

general, the littoral zone may be taken as the outer limit of rooted vegeta-

tion, or the margin of the thermocline in stratified lakes. Ponds may be

distinguished from lakes on this basis, by the fact that they have no

abyssal zone.

The plankton organisms may have eggs or encysted stages which are,

for a time at least, benthonic. Likewise many of the insects may be said

to have benthonic and nektonic, and even planktonic, phases. Corethra

has been considered as a planktonic insect (Needham and Lloyd, 1916)

and as a benthonic insect (Juday, 1922). Similarly the Coleoptera and

Hemiptera as adults pass to the nektonic phase because of the necessity

of obtaining air at the surface of the water, although they are predomi-

nantly benthonic.

The Distribution of Plankton in Time.—" Plankton pulses" are of the

greatest importance as ecological phenomena. They represent fluctua-

tions in populations which are undoubtedly far more complicated than

the early students thought.

Whipple gives the seasonal distribution of organisms in Lake Cochi-

tuate in the following diagram (Fig. 89).

Transeau has classified the plankton algae under the following heads

:

spring annuals, summer annuals, autumn annuals, winter annuals,

perennials, and ephemerals.
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Thienemann (1925) compares the seasons of the year as Muttkowski

does for Lake Mendota. It has been the tendency to consider that the

great changes in population are due to the physical changes which occur

at the different seasons of the year. However, there are certain great

fluctuations which occur when physical conditions are relatively constant.

At least some of these changes may be due to the biotic relationships of

the members of the population with each other.

Needham and Lloyd (1916) call attention to plankton pulses as exam-

ples of fluctuating supply and demand in this relatively self-supporting

assemblage of organisms. At times certain of the diatoms increase in
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1910.)

numbers geometrically, doubling every 24 hours. Huff (1923) found that

the enormous fluctuations in numbers of zoo-plankton continued even

after copper sulphate had been introduced and the algae killed. Conse-

quently, he concluded that the demand and supply of food were not the

controlling factor.

Nekton.—Nektonic animals are those which swim with actively

directed movements and are essentially independent of the bottom.

These organisms are nearly all fishes, so far as lenitic environments are

concerned. However, they are not all nektonic throughout their lives,

for the majority of them lay their eggs on the bottom and are thus ben-

thonic in this stage. Shelford (1911) believes that the character of the

bottom for egg laying is the limiting factor in certain ponds. We thus
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have nektonic adults limited in their distribution by their benthonic egg

stages.

The "fry" of many fishes resemble the plankton in that their swim-

ming is hardly more directive than that of some of the Crustacea, such as

Daphnia. Indeed, it may almost be said of some of these that they are

benthonic, planktonic, and nektonic in the course of their life histories.

Nektonic organisms are characteristic of lakes rather than of ponds.

Shelford states that in a series of ponds which were separated from Lake

Michigan at various times there is an increase in the number of animals

as the ponds get older, with the exception of the fish which decrease with

the age of the ponds.

Pearse (1921) found the greatest number of fish per unit area in the

shallowest lake which he studied, which was hardly more than four meters

in depth. The best development of fish, however, was found in Lake

Mendota with its deep water and varied bottom. Lake Michigan had

the smallest number of fish per unit area, but it also contained the largest

individuals. Quantitative methods are described by Pearse (1921).

Benthos.—Benthos has been defined by Johnstone (1924) in his

definition of the categories of life habits in the sea as

:

... all those organisms which live on the sea bottom either on the foreshore

between tide-marks or below low-water mark down to the greatest depths known.

... In general, by the Benthos we mean all those marine species that are

bottom-living or "demersal" in habit, that are rooted, stalked or attached in

other ways to the rocks, stones, or other solid objects on the sea floor; that are

sedentary, or nearly so in habit; that burrow in the deposits, that crawl about

sluggishly on the bottom or, at the best, have only a limited migration.

Steuer (1910) did not limit the term to marine organisms, but used

the term " limnobenthos " to designate the forms that live on the bottom

of fresh-water lakes. Steuer also made a division of the benthos, both

marine and fresh-water, on the basis of depth, using the terms " littoral"

(litoralis = shore) and " abyssal" (abyssus = deep) for the marine envi-

ronments, and the German terms "vadal" and "profund" for the fresh

water. The terms littoral and abyssal will be used here for both marine

and fresh water, although it is realized that the littoral zone of the ocean

may extend to depths greater than the abyssal zone in certain lakes.

Further consideration will be given to the communities under the descrip-

tion of the different types of aquatic environments.

Quantitative methods for the study of benthonic organisms have
made important contributions to our knowledge of the quantity of life

in lenitic environments (Juday, 1922; Adamstone, 1924). The Ekman
dredge (Ekman, 1910; Birge, 1922) makes it possible to obtain a sample

of a given area of the bottom. This may then be washed and the organ-

isms weighed. Juday (1922) has thus obtained dry weights and had the

material analyzed.
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CHAPTER XV

LENITIC ENVIRONMENTS

Viewed in the perspective of geologic time, lakes and ponds are but

transient environments. The physical agents through erosion tend to fill

their basins, and the remains of the plants and animals accumulate and

hasten their disappearance. The origin may determine much of the

physical character (Needham and Lloyd, 1916).

CHARACTERISTICS OF LENITIC COMMUNITIES—PONDS

Ponds are distinguished from lakes mainly by size. Vegetational

growth is another distinguishing characteristic which is used by Needham
and Lloyd (1916). The proportion of the bottom which is exposed to

light is an important factor in determining how much of the bottom of a

Pond Conditions Lake Conditions

Submerged aquatic vegetation

Floating >•

Emergent »

Fig. 90.—Diagram of spatial conditions in ponds and lakes.

lake or pond will be covered with plant growth. Rickett (1922) found

vegetation scanty beyond three meters, though Hentschel (1923) shows

potomogeton to a depth of six meters. The depth of a lake is added in

the middle and the sides remain very much the same in the large and the

small ponds. If we assume 50 feet to be a usual width for the plant zone

and compare the bodies of water with a diameter of 500 feet, 1,000 feet,

and 2,000 feet, we shall find that the plant zone in the first is 36 per cent

of the total area, in the second it is 18.1 per cent of the total, and in the

third it is only 8.8 per cent of the total. Consequently the larger the

lake the less it is influenced by the plant zone (Fig. 90).
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Temporary and Permanent Ponds. Physical Characteristics in Space

and Time.—Ponds being characterized by shallowness have as a conse-

quence a relatively large ratio of surface and bottom in proportion to the

volume. Plants act to increase further the area of the substratum which

is available as an animal habitat. Floating and submerged plants increase

the area of the substratum by their leaf area plus their stem area which is

exposed to the water. Potomogetons may be two meters tall with leaves

4 to 10 cm. long and 2 to 4 cm. broad, thus offering a large area of attach-

ment for sessile animals and a resting place for aquatic insects.

Emergent aquatic plants increase the area of the substratum and also

increase the area of the surface of the water when they are in a stand

which is sufficiently dense to raise the water by capillarity. By thus

increasing the substratum, plants in the pond society act to increase the

volume of water to which an animal may be exposed for the gathering of

food.

The relatively large ratio of surface to volume makes ponds more

subject to climatic conditions than large bodies of water are. Our smaller

ponds evaporate and cease to exist as aquatic environments each year.

Those which survive for but a short time in the spring are termed

"vernal." Those which are present in the spring and again in the fall

are "vernal autumnal," and those which persist during the summer but

which freeze to the bottom in winter are termed "aestival ponds."

Temporary ponds are subject to the greatest fluctuations because of

weather as well as climate, and all physical conditions are subject to

extreme change in short periods of time. A slight wind will mix the

water at any time and a rain will change the water level and greatly

increase the turbidity.

Physiographic factors may influence the physical and biotic conditions

in ponds. These may be natural conditions of drainage basins, due

primarily to glaciation or original geologic formations, or they may have

been modified subsequently by plant or animal communities. In the

latter case man has often created ponds by excavation in quarries or

gravel pits. The materials in solution are often controlling factors in

such cases.

Concentration of Materials in Solution.—Literature has little to offer

on the subject of the content of pond waters. Transeau has unpublished

data showing that the water of certain ponds retains the same relative

concentration which characterized it at higher water, even when condi-

tions become greatly crowded due to the evaporation of the water.

Shelford (1912) made comparisons of a series of ponds which had been

cut off from Lake Michigan at different times by barrier reefs and which

forms a series with regard to their age as separate ponds. The following

table is a combination of two of Shelford's tables (1912) and represents

ponds which are progressively "older" from 1 to 14b.
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Concentration of Materials in Ponds of Different Ages

(In parts per million)

295

Materials Pond 1 Pond 5 Pond 7 Pond 14

Magnesium carbonate

Calcium carbonate . .

.

Calcium sulphate

Calcium chloride

Sodium sulphate

Sodium chloride

Sodium carbonate ....

Iron oxide

Silica

Chlorine

Free ammonia
Albuminoid ammonia.
Nitrites

Total

84.6 111.9 38.2

54.2 27.9 114.3

149.6 146.6

26.6 0.4 45.0

30.3 81.9 16.4

7.7

3.0 3.0 2.6

6.6 3.4 2.0

18.4 49.7 9.9

0.100 0.170 0.040

0.125 0.150 0.175

0.160 0.030 0.030

373 . 685 425.150 236.340

77.1

83.2

18.5

11.4

11.3

3.0

3.0

14.2

Trace

0.250

0.040

221.990

These data represent a single set of determinations on ponds which

border on railroad tracks. Shelford does not give weight to these

determinations but calls attention to the fact that the total solids tend

to decrease in the older ponds.

Light.—The pond society is characterized by the presence of plants.

These, in turn, are dependent upon certain physical factors, the most

important of which is the penetration of light. This varies with the

amount of material in suspension and also with the color of the water.

In a small pond near McLean, N. Y., the author has seen Sechi's disc

disappear in less than one meter, but readings attempted on a large series

of ponds have given no measurement because the disc was visible at the

bottom in all other cases. It is generally true of ponds, unlike lakes, that

there is sufficient light for the growth of green plants all over the bottom.

Temperature.—Characterized by shallow depth, ponds are subject to

complete circulation of the water by the agency of winds even though

their surface is not great enough for extreme wave action. However,

plants resist conduction currents and wind action to such an extent that

certain Minnesota ponds may have a temperature difference of 5°C.

between different parts during the warm days of early spring or late fall.

Such differences are significant when their effect upon rates of metabolism

is contemplated. It is not uncommon for these ponds to reach a

temperature of 30°C. during the spring and summer.

Murray (1911) says, in connection with a discussion of the tempera-

ture of a pond near Glasgow: "Ponds in 77°30 / south latitude, in a climate

where the air just reaches above the freezing point for no more than a

part of each day at midsummer, become almost as warm. " The following
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graph from Murray (1911) gives the temperature of the air and of the

water of a temporary pond in 55°50' north latitude. The water follows

very close to the temperature of the air (Fig. 91).

Pressure.—The increase of pressure due to depth in ponds is not great

enough to have an appreciable effect on biological or physical processes.

This is due to the fact that ponds are limited to a depth of approximately

3 m. or less, and 10.328 m. are required to increase pressure by the equiva-

lent of 1 atmosphere.

Movements of Water.—Wave action is a physical factor modifying the

shore line and is in proportion to the distance over which wind may act

upon the water. The small size of ponds restricts this distance and the

presence of plants offers resistance to rapid movements. The lack of

thermal stratification of the water makes complete circulation possible

whenever the wind blows, except as it may be impeded by the plants.
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Fig. 91.—Graph showing the mean weekly temperature of the air and of the water of a
temporary pond in 55°5' north latitude. {Murray, 1911.)
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The Gases in the Water.—Ponds are comparatively uniform in gaseous

content and do not depart from the normal saturation point of gases to

any great extent. The proportion of surface to volume and frequent

mixing of the water tend to keep them in equilibrium with the atmos-

phere. Nevertheless, on warm days when the sun is shining brightly,

the biotic processes may cause the supply and demand for oxygen and

carbon dioxide to fluctuate greatly. At times, early in the summer,

bubbles of oxygen may be seen rising to the surface from the luxuriant

algal growths. At other times the ponds may be so crowded with

animals that carbon dioxide may accumulate in excess during cloudy

periods. Whipple (1927) calls attention to the effect of pollution upon

the oxygen balance of ponds. He considers the "oxygen demand' 7

or the

amount of oxygen used up in a given period of time by a water sample as

an important index of conditions.

Allee (1917) refers to a pond which he also calls a slough in which

he says the oxygen content "was usually under 3 c.c. per liter and the

free carbon dioxide usually over 10 c.c. per liter. " In his table the maxi-

mum for oxygen is given as 5.1 and the minimum as 1.6 c.c. per liter.
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Carbon dioxide is given in the same table as 11.7 and 8.6 c.c. per liter.

Cowles and Schwitalla (1923) give the average carbon-dioxide content of

a "Euglena pond" as 2.2 c.c. per liter.

Neutrality of the Medium.—Ponds are subject to fluctuations of hydro-

gen-ion concentration as is true with all other factors. Available data

are too meager for any generalizations. Cowles and Schwitalla record a

variation from 6.5 to 7.0. Peterson {Ecology, 1926) studied oxygen

temperature, hydrogen-ion concentration, vegetation, animals, and depth

of water in a Chara cattail pond, making quantitative readings each week

for one year. He observed that the succession of animals seemed to

follow the temperature and depth of water conditions more closely than

other factors, and that the pH and oxygen frequently accompanied

rather than caused the changes. Reed and Klugh {Ecology, 1924) found

that the biota of two pools, differing widely in pH, were totally different.

Although they found that the forms occurring in each, varied consider-

ably in successive seasons, none of the species occurring in the acid pool

were found in the alkaline pool and vice versa. The experience of Philip

(1927) and the author at Crystal Lake leads one to suspect that there are

much greater fluctuations than have been recorded.

Biotic Characteristics.—The animals of ponds are characterized by

the fact that they may spend a part of their life cycles out of the water

either in a resting stage or in an active stage on land or in the air. This is

characteristic of all of the fauna of temporary ponds with more exceptions

as the size of the environment approaches that of lakes.

The Taxonomic Groups Which Characterize the Community.—
Protozoans, rotifers, crustaceans, insects, and amphibians are the impor-

tant groups of animals found in ponds (Zacharias, 1903; Murray, 1911;

Needham and Lloyd, 1916; and others). In Minnesota we find the

presence of certain crustaceans of the family Gammearidae as indicative of

permanent ponds and their absence a characteristic of temporary ponds.

The fairy shrimp, Branchipus, is found almost entirely in temporary

ponds.

Insects are characteristically abundant in ponds. Quantitative

studies of their abundance have been more on the order of relative

estimates than actual measurements. The Trichoptera, Ephemerida,

Odonata, Hemiptera, Coleoptera, Diptera, and a few Lepidoptera are to

be found. Damsel flies, Odonata Zygoptera, and May flies, Ephemerida,

are usually very abundant as are certain Diptera. Among the Mollusca,

the snails and a few Spheridae occur in large numbers.

The vertebrates are represented in relatively small numbers as com-
pared with the population of lakes. A few Amphibia, frogs, toads, and
salamanders are present, but with the exception of a few large permanent
ponds which are more or less intermediate between ponds and lakes, the

fish are absent.
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Biotic Potential of the Fauna.—The high biotic potential of the pond
fauna is probably more marked than any other single characteristic of

this community of organisms belonging to such widely different taxo-

nomic groups. In this brief outline, it will not be possible to describe the

numerous individual mechanisms which are involved in each life history

which contribute to this high biotic potential. It is obvious that, in a

temporary pond at least, no organism could complete its life cycle if the

time required was a full continuous year in the water. It is also obvious

that organisms which become enormously abundant in a short period of

time must have a high reproductive potential. Woodruff (1912) cites

an example of Monad, which is found in ponds, increasing in an aquarium

to 5,200 per cubic centimeter in the surface water during a period of

about eight days.

The physical constants of biotic potential for pond animals have

never been assembled for comparison with those of other more permanent

environments. One would be tempted to postulate high coefficients of

development for temperature and other physicaL factors. Eddy (1928)

concluded that temperature and other physical factors did not have a

great influence on the rate of change of the population of aquaria contain-

ing infusions of pond materials. The works cited in the bibliography are

filled with interesting details of life histories and habits but nowhere do

we find these records assembled on the basis of biotic potential.

Needham and Lloyd (1916) call attention to the fact that Callibaetis,

a common pond May fly, lays 1,000 eggs and goes through its life cycle in

six weeks. They state that four generations are possible in a single

summer, and that the progeny of a single pair would thus amount to

125,000,000,000 individuals. Certain pond infusoria are capable of

reproducing oftener than once each 24 hours. Woodruff is credited with

the calculation that 1,073,741,324 infusoria may arise from a single indi-

vidual in 30 days. In two months the protoplasmic volume of the prog-

eny of this single individual would be equal to a cubic meter when packed

1,000 to the cubic millimeter. This calculation goes on to the point

where in seven years the volume of progeny would equal 10,000 times that

of the earth itself. It is no wonder then that such forms may quickly

populate temporary ponds.

Schaedel (1917) calls attention to the balance between food production

and consumption among the plankton organisms of ponds. The ability

to use nitrogen and other food material in a state of simple combination

rather than as highly organized animal protein is an important character-

istic of many pond organisms. However, it is necessary only to grant the

presence of a quantity of such organisms to make possible the existence

of those which feed upon them.

Rather than build up a highly theoretical consideration of this sub-

ject, it will be passed over by calling attention to the fact that literature
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abounds in descriptions of the many methods by which these organ-

isms procure food, take advantage of transient environments, and protect

themselves from enemies, the algebraic sum of which amounts to their

biotic potential.

Environmental Resistance.—Small environments and particularly

temporary ones offer great resistance to organisms. The action of tem-

perature alone which eliminates even aquatic existence so far as the

environment itself is concerned, in summer through evaporation, and in

winter through the formation of ice, is an example of the most extreme

of these. The spatial distribution of organisms is very largely imposed

by physical resistance. The silt on the bottom interferes with the respira-

tion of certain forms, and makes it necessary for them to resort to the

rooted plants for support. The gaseous content of the water makes it

necessary for many of the aquatic insects to remain at or near the surface

in order to carry a store of air into the environment which does not offer

enough oxygen to support their metabolism.

Competition for food and escape from enemies that are seeking food

constitute some of the important factors of biotic resistance. Woodruff

(1912) believes that the excretions of organisms may accumulate to the

detriment of the species which produced them, in greatly crowded condi-

tions. One who has followed the course of events in a pond during the

progress of a season is impressed by the rapid increase of the prototropic

(synthesizing by use of sun's energy) and saprozoic (using organic mate-

rials from solution) organisms early in the season. Later the slower

increase of the holozoic (ingesting organized material, the bodies of other

organisms) forms which are relatively large and tend to dominate the

situation, brings about the keenest of competition. The quantitative

relationships of these groups must form the basis for the study of the values

of biotic potential. Without such quantitative data, a discussion of the

subject is mere speculation.

The Quantity of Animals Present.—Our quantitative information is

much more restricted with respect to ponds than it is with respect to lakes.

Being subject to greater fluctuations of factors and consequently greater

fluctuations of environmental resistance, we might expect a greater

fluctuation in the quantity of life than is found in lakes. There is little

evidence to prove whether or not this is true. Much of the quantitative

data are in terms of numbers of individuals, which makes valid compari-

sons in quantity impossible.

Counts of chironomid larvae in Ekman's dredge samples, taken by
the author in the same pond, have varied from several thousand to the

square foot to one or two individuals.

The following table gives the results of certain ecology students at

the University of Minnesota in the study of the bottom fauna of a

temporary (aestival) pond. The results are from a composite of two
Ekman dredge samples giving a total area of approximately 450 sq. cm.
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Quantitative Sample of the Benthic Fauna of an Aestival Pond
(Two Ekman dredge samples)

Organisms
Number of

individuals

Weight,

(grams)

Oligochaet worms
Flat worms, Planaria. . . .

Hirudinea, leeches

Molluscs, snails

Insects:

Ephemerida

Odonata, Zygoptera . . .

Odonata, Anisoptera. .

.

Coleoptera, Dytiscidae

.

Coleoptera, Haliplidae

.

Diptera, Tabanidae ....

Diptera, Chironomidae

.

Diptera, Ceratapogon . .

Diptera, Corethra

Two samples—total. . .

182

3

3

221

29

69

3

2

5

2

1

19

16

613

Not weighed alone

Not weighed alone

Not weighed alone

1.880

0.049

0.398

Not weighed

Not weighed

Not weighed

Not weighed

Not weighed

Not weighed

Not weighed

2.977

alone

alone

alone

alone

alone

alone

alone

A similar study was made of a small permanent pond in the same

locality. The data given in this table are from a composite of four

samples taken from a depth of about 60 cm. The samples in both

the aestival and permanent ponds were taken in the fall just as the ice

had formed for the winter. In comparing the results it is necessary to

keep in mind the fact that the sample from the permanent pond is twice

the size of that from the temporary pond. The total weights of organisms

correspond as closely as could be expected, in view of the errors of sam-

pling and weighing. There were fewer individuals in the permanent pond

and they were correspondingly larger. This weight of benthic organisms

corresponds roughly with 550 lb. per acre.

Quantitative Sample of the Benthic Fauna of a Permanent Pond
(Four Ekman dredge samples)

Organisms
Number of

individuals

Weight,

grams

Oligochaet worms
Other worms
Hirudinea, leeches

Mollusca, snails

Insects

:

Ephemerida
Diptera

Chironomidae. . . .

Ceratopogan

Unclassed

Four samples—total

0.231

0.048

0.841

0.028

0.038

4.263

1.060

6.509
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Here we shall stop short of the question of greatest ecological interest,

namely the balance of production and consumption in pond societies.

Quantitative data are urgently needed for an understanding of these

communities. Naturalists have observed the habits of many of the pond

animals and it now becomes necessary to understand the laws which

maintain this society on a conservative basis. 1

This single comparison does not establish anything definite with

regard to the quantity of life, but is interesting as a suggestion both

as to the total quantity, and as to the relative quantities of animals of

different habitats.

BIBLIOGRAPHY

PONDS

Atkins, W. R. G., and G. T. Harris: Seasonal Changes in the Water and Helo-

plankton of Fresh-water Ponds, Proc. Roy., Dublin, Soc Sci. 18 : 121, 1924; abstr.

Jour. Mar. Biol. Assoc.j 1925.

Allee, W. C.: Seasonal Succession in Old Forest Ponds, Trans. III. State Acad.

Sci., IV: 126-131, 1911.

: The Salt Content of Natural Waters in Relation to Rheotaxis in Asellus,

Biol. Bull, 32: 93-97, 1917.

Barney, R. L., and B. J. Anson: Relation of Certain Aquatic Plants to Oxygen

Supply and to Capacity of Small Ponds to Support the Top Minnow (Gambusia

affinis), Trans. Amer. Fish. Soc, pp. 268-278, 1920.

Brown, H. B. : Algal Periodicity in Certain Ponds and Streams, Torrey Bot. Club

Bull, 35 : 223-248, 1908.

Conser, H. W. : Cocaine in the Study of Pond Life, Trans. Amer. Micros. Soc,

no. 17, October, 1896.

Cowles, R. P., and A. M. Schwitalla: The Hydrogen-ion Concentration of a

Creek, Its Waterfall Swamp and Ponds, Ecology, IV: 402-417, 1923.

Dyche, L. L.: "Ponds, Pond Fish and Pond Fish Culture," 1910-1914, Kans.

State Dept. Fish and Game, pt. 1, Ponds, 1910.

Eddy, Samuel: Succession of Protozoa in Cultures under Controlled Conditions,

Trans. Amer. Micros. Soc, 47: 283-319, 1928.

Fritsch, F. E., and Florence Rich: " Studies on the Occurrence and Reproduction

of British Fresh-water Algae," chap. Ill, A Four-years Observation of a Fresh-water

Pond, Ann. biol. lacustre, 6, 1913, 83 pp.; rev. in Jour. Ecology, I: 295-296, 1913.

Griffiths, B. M.: The August Heloplankton of Some North Worcestershire

Pools, (F. E. F.) Jour. Linn. Soc Bot., London, 43: 423-432, 1916; abstr. in Jour.

Ecology, V: 117, 1916.

Haempel, O. : Die Bisamratte, ein neuer Schadling der Teichwirtschaft, Internal.

Rev. Gesamm. Hydrobiol. u. Hydrog. 7: 435-441, 1916.

Hentschel, E.: "Grundziige der Hydrobiologie, " G. Fischer, Jena, 1923.

Kennedy, C. H. : The Ecological Relationships of the Odonata of the Bass Islands

of Lake Erie, Ecology, vol. Ill: 325-337, 1922.

Leach, Glen C: Culture of Rainbow Trout and Brook Trout in Ponds, U. S.

Dept. Com., Bur. Fisheries Econ. Circ. 41, Feb. 20, 1919.

Lemmermann, E.: Resultate einer biologischen Untersuchung der Forellenteiche

von Sandfort, Forschungsberichte aus der Biologischen Statio7i zu Plon, 5 : 67-112, 1897.

: Das Phytoplankton Sachsischer Teiche, Forschungsberichte aus der

Biologischen Station zu Plon., 7 : 96-135, 1899.

1 See Appendix by Volterra.



302 ANIMAL ECOLOGY

List, Theodor: Uber die Temporal- und Lokalvariationen von Ceratium hirudinella

O. F. M. aus dem Plankton einiger Teiche in der Umgegend von Darmstadt und
einiger Koike des Altrheins bei Erfelden, Arch. Hydrobiol. u. Planktonkunde, 9:

81-126, 1914.

Moore, Emmeline: The Potomogetons in Relation to Pond Culture, U. S. Bur.

Fisheries Bull. 33 : 251-291, 17 pi., 1915.

Murray, James: The Annual History of a Periodic Pond, Internat. Rev. Gesamm.
Hydrobiol. u. Hydrog., 4: 300-310, 1911.

Nattmann, Einar: Uber die Ursachen einer braunen Farbung des Wassers in

einem Teiche der Fischereiversuchsstation Aneboda in Sudschweden, Internat. Rev.

Gesamm. Hydrobiol. u. Hydrog., 6: 8-11, 1913.

Needham, J. G., and J. T. Lloyd: "Life of Inland Waters," Pond Societies, pp.

334-341, Comstock Publ. Co., Ithaca, N. Y., 1916.

Peterson, Walburga: Seasonal succession of Animals in a Chara-cattail Pond,

Ecology, 7: 371-377, 1926.

Philip, C. B. (1927): Diurnal Fluctuations in the Hydrogen-ion Activity of a

Minnesota Lake, Ecology, 8 : 73-89, 1927.

Reed, Guilford, and A. B. Klugh: Correlation between Hydrogen-ion Concen-

tration and Biota of Granite and Limestone Pools, Ecology, 5: 272-275, 1924.

Rickett, H. W.: A Quantitative Study of the Larger Aquatic Plants of Lake
Mendota, Trans. Wis. Acad. Sci., Arts and Letters, 20: 501-527, 1921.

Schaedel, Albert: Produzentcn und Konsumenten im Teichplankton, ihre

Wechselwirkung und Beziehung zu den physikalischen und chemischen Milieu Ein-

fliissen, Arch. Hydrobiol. u. Planktonkunde, 11 : 404-477, 1917.

Schneider, George : Das Plankton der westfalischen Talsperren des Sauerlandes,

Arch. Hydrobiol. u. Planktonkunde, 8: 1-42, 207-263, 1913.

Schroder, B.: Die Algen der Versuchsteiche, Forschungsberichte aus der biologis-

chen Station zu Plon, 5 : 29-66, 1897.

Scott, W.: The Fauna of a Solution Pond, Proc. Ind. Acad. Sci., pp. 395-442, 1C10.

Shelford, V. E.: "Animal Communities in Temperate America," chap. VIII,

pp. 136-169; chap. X, Temporary Ponds, pp. 173-180, Geogr. Soc, Chicago; Ihe
University of Chicago Press Bull. 5, 1913.

: Ecological Succession. III. A Reconnaissance of Its Causes in Ponds

with Particular Reference to Fish, Biol. Bull, XXII: 1-38, 1912.

Titcomb, John W.: Aquatic Plants in Pond Culture, U. S. Bur. Fish. Doc. 948,

1923. 2d ed., 24 pp.

Walter, E.: Eine praktisch-verwerthbare Methode zur quantitativen Bestim-

mung des Teichplankton, Forschungsberichte aus der biologischen Station zu Plon,

3:180-187,1895.

Whipple, G. C: afThe Microscopy of Drinking Water," chap. XIX, p. 585,

pi. XIX; revised by G. M. Fair and M. C. Whipple, John Wiley & Sons, Inc., New
York, 1927.

Wilson, C. B.: Water Beetles in Relation to Pondfish Culture, with Life Histories

of Those Found in Fishponds at Fairport, Iowa, U. S. Bur. Fisheries Bull. XXXIX,
Doc. 953, pp. 231-345, text 1-48, 1923.

Woodruff, Lorande Loss: Observations on the Origin and Sequence of the

Protozoan Fauna of Hay Infusions, Jour. Exptl. Zool, 12: 205-264, 1912.

Zacharias, Otto: Untersuchungen iiber das Plankton der Teichgewasser, Forsch-

ungsberichte aus der Biologischen Station zu Plon, 6: 89-140, 1898.

: Zur Kenntniss des Planktons sachsischer Fischteiche, Forschungsberichte

aus der Biologischen Station zu Plon, 7 : 78-95, 1899.

: Das Vorkommen von Astasia haematodes Ehrb. in deutschen Fischteichen,

Forschungsberichte aus der Biologischen Station zu Plon, 7 : 44-49, 1899.



LENITIC ENVIRONMENTS 303

: Biologische Charakteristik des Klinkerteichs zu Plon, Forschungsberichte

aus der Biologischen Station zu Plon, 10: 201-215, 1903.

Zuscher, Matthias: Das Plankton des Schlossgartens und des Schlossteiches

zu Minister i. w. unter besonderer Berticksichtigung der Temporal-Variation von
Anurea cochlearis, Ceratium hirudinella, Arch. Hydrobiol. u. Planktonkunde, 9 : 176-177,

1914.



CHAPTER XVI

LAKES

A lake is to a naturalist, a chapter out of the history of a primeval time,

for the conditions of life are primitive, the forms of life are, as a whole, rela-

tively low and ancient, and the system of organic interactions by which they

influence and control each other has remained substantially unchanged from a

remote geological period ... It is an islet of older, lower life in the midst of

the higher, more recent life of the surrounding region. It forms a little world

within itself—a microcosm within which all the elemental forces are at work
and the play of life goes on in full, but on so small a scale as to bring it easily

within the mental grasp.

—

Forbes.

The Classes of Lakes.—Lakes may be classified on the basis of depth

heat budgets, oxygen content, " hardness" of the water, or, in fact,

according to any of their physical or biotic characteristics. A classifica-

tion which is based upon temperature, depth, and oxygen content is of

great significance ecologically, and will therefore be adopted for the pres-

ent purpose (Fig. 92).

Lakes may be grouped in three orders on the basis of depth. The
lakes of the first order are those having a definite thermal stratification,

or thermocline, as shown in the accompanying diagram, with the tempera-

ture of the water below the thermocline constant or very nearly constant

throughout the year at or near the maximum density. The lakes of the

second order are those which have a thermocline; but the temperature

of the water at the bottom undergoes an annual fluctuation and is at a

temperature slightly higher than 4°C. The lakes of the third order are

those without thermal stratification, with little difference between the

surface and bottom temperatures and in which there may be complete

circulation of the water at any time.

Another classification of lakes, which is of ecological importance, is

based on the physical characteristics, particularly the oxygen content of

the water. This applies to the lakes with thermal stratification, for those

with uniform temperature may have a complete circulation of the water

at any time with the consequent aeration, see diagram (Fig. 92).

The oligotrophic type of lake is rich in oxygen even to the bottom. It

owes its characteristic partly to a geologic formation which permits

relatively little inwash of organic material to remain in solution, or to

form an organic ooze on the bottom; and partly to biotic conditions which

do not favor rapid decomposition with the consequent oxygen consump-

tion. The lakes of this type are usually alpine with rocky shores.

Thienemann (1925) designates these as Tanytarsus lakes because the

304
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benthic fauna is characterized by the predominance of fly larvae belong-

ing to the genus Tanytarsus, of the family Chironomidae.

The eutrophic type of lake is characterized by the paucity or absence

of oxygen in the bottom waters. This is due primarily to physical

conditions which have given rise to a large supply of available nitrogen

in the water and bottom ooze and, secondarily, to biotic conditions which

favor rapid decomposition and the consequent consumption of oxygen.

Thienemann (1925) calls lakes of this type Chironomus lakes, because

fly larvae of the genus, Chironomus are predominant in the benthic

fauna, along with Corethra larvae and Tubifex worms. The majority

of the lakes of the first and second order in the temperate region are

r

Deq.C.
Winter ' Summer

25 10 15 10 5 5 10 15 20 25

Deg.C.
Winter Summer

10 15 10 5 5 10 15 20 25

Deg.C.
Winter Summer

20 15 10 5 5 10 15 20

CD

Second Order Third Order

Fig. 92.—Diagram illustrating the characteristics of lakes of the first, second, and third

orders. The right half of each diagram illustrates the temperature in summer; and the

left half illustrates the conditions in winter. Temperature is indicated across the top for

both summer and winter, and is plotted against depth as a dotted line. Depth is indicated

in meters. First order lake Cayuga Lake, N. Y.; second order, Crystal Lake, Minn.; third

order, Red Cedar Lake, Wis.

eutrophic. Green Lake, Wis., is probably in the early transition stage

between the oligotrophic and eutrophic stages, but may be classed as

oligotrophic.

The dystrophic lake, or brown-water lake, is found among peat bogs.

These have not been studied extensively in America, and it is question-

able whether generalizing with regard to them is justifiable on the basis

of our present knowledge.

The lakes of each order may be designated as polar, temperate, and

tropical, on the basis of their geographic distribution with respect to

latitude. The temperature of polar lakes is like that of temperate lakes

during the winter, and the temperature of the tropical lakes is like that

of the temperate lakes in summer. It is obvious that the temperature

of the water itself cannot be lower in the polar lakes than in the temper-

ate lakes in winter. However, the water of tropical lakes may become
warmer than that of the temperate lakes in summer.
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The further discussion of stratification and circulation will be post-

poned until we consider the thermocline.

Physical Characteristics. Light.—Solar radiation brings to the lake

the energy to support photosynthesis in the actinic portion of its spectrum

and is the chief source of heat in the red and infra-red portion of its

spectrum. Being familiar with the nature of the sun's spectrum, we
cannot expect to find it easy to determine its penetration into a lake.

In general, our information will give us the depth to which the actinic

rays penetrate, either directly by photometer measurements or indirectly

by transparency measurements; or it will give us the depth to which the

heat rays penetrate as measured by the pyrlimnometer.

We have more data available from readings with Secchi's disc than

from any other source. Consequently, comparisons of lakes can better

be made on the basis of such transparency readings than on any other,

even though they are only the roughest estimate of light penetration.

The following table gives data to show the great variation in the depth at

which Secchi's disc may disappear in different lakes.

Lake Year
Transparency,

meters
Determined by

Mendota. . . .

Canandaigua

Otisco

Conesus.

Cayuga
Seneca

Skaneatales

.

Nipigon ....

Geneva
Crater

Tahoe
Laical

1908

1910

1910

1910

1910

1910

1910

1921

?

1913
?

?

1.75

3.70

3.00

6.30

5.10

8.30

10.30

6 to 5 . 20

21.00

25.00

28.00

60.00

Birge and Juday
Birge and Juday
Birge and Juday
Birge and Juday
Birge and Juday
Birge and Juday
Birge and Juday
Clemens

Forel

Kemmerer et al

Kemmerer et al

Whipple

Figure 93 shows the variations in transparency during the annual cycle

of Montiggler Seen as given by Huber (1906) during the years 1901 and

1902.

It is seen that the transparency was greatest during the period of

summer stagnation. It must be borne in mind that all measures either

of transparency or light penetration are measures of the physical plus the

biotic environment and not of the water alone. Referring to Knight's

Lake (see Fig. 86), it will be seen that there were 100,000 algae to the liter

of water at a depth of 3 m. on Aug. 25, 1909. This quantity of algae

would interfere with the penetration of light, even though the water was

stagnant at that time. The great excess of oxygen between 4 and 5 m.
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(see Fig. 85) clearly indicates that photosynthesis was going on rapidly.

In this case, the presence of sunlight at this depth has made it possible

for algae to become so numerous that their own chlorophyll acts as a

screen interfering with the further penetration of the sun's rays.

Birge and Juday (1921) say of the transmission of the sun's energy:

Lake water differs widely from pure water in the quantity of energy trans-

mitted. If we assume a solar-energy curve corresponding to a path of the rays

in the air of 1.5 atmospheres, with about 0.5 cm. condensable water in the

atmosphere, about 47 per cent of the solar energy will be left after passing through

one meter of pure water. The water of Seneca Lake, therefore, cuts off 25 per

cent more than does pure water.

1

\

Dec Jan Feb Mar Apr May June July Aug. Sept Oct Nov. Dec.

Fig. 93.—Transparency of Montiggler Seen as measured by Secchi's disc. The points

on the graph indicate the maximum depth in meters at which the disc was visible.

(Adapted from Huber, 1906.)

In a more recent paper, Birge and Juday (1929) say;

Transmission is determined by three main factors: (1) the selective action of

water which is transparent to short-wave radiation and opaque to long waves;

(2) the selective effect of stain which acts more strongly on the short-wave

radiation and is effective in proportion to the amount and kind present; (3) the

action of suspended matter—organic and inorganic—which offers more obstruc-

tion to short-wave radiation, but is not definitely selective.

Thus the selective action of water is a constant factor in all lakes;

that of stain is very variable as between different lakes, and somewhat
variable in the same lake at different times. It is usually, but not

always, the same in the same lake at different depths of the same series.

The influence of suspended matter may differ widely in different lakes,

in the same lake at different times, and at different depths in the same
lake at the same time. In eutrophic lakes its influence is very great and

often dominant ; in lakes with little plankton it is less ; and stain or water

itself may be more important factors in reducing radiation.

There is but a rough correlation between transparency and the

transmission of solar radiation as measured by the pyrlimnometer. Deep
lakes and especially eutrophic lakes are usually both highly transparent

and transmit radiation to a great depth.
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Table XVIII.

—

Transmission of Radiation Measured by Pyrlimnometer

(Birge and Juday, 1929)

Lake
Per cent at

1 meter

Average

transmission

One per cent

at meters

Stratum

transmitting 10

per cent, meters

Mary 4.7

10.0

20.7

30.3

13.8

25.8

30.6 .

29.8

37.5

39.7

24

28

50

66

38

60

65-70

75-80

81

80-91

2.0

2.8

5.2

8.9

3.6

7.1

10.8

13.3

19.7

ca. 34.0

1 4

Turtle 1 8

Mendota mean
Mendota maximum. . .

Mendota minimum.. .

Beasley

3.3

5.6

2.3

4 6

Green

Blue .

6.9

8 7

Crystal mean
Crystal maximum ....

12.5

ca. 20.0

The data on the transmission of the sun's radiation as measured by the

pyrlimnometer are presented in Table XVIII. Since this portion of the

sun's spectrum is composed essentially of heat rays, we are now led to

the discussion of temperature.

Temperature.—The temperature of lakes passes through an annual

cycle, as might be inferred from the diagram illustrating the summer and

winter conditions in lakes of the three orders. The regularity of this

change, year after year, and its similarity in different lakes under com-

parable conditions are of greatest importance in illustrating the principles

which govern environmental changes. Its study instils the hope that

the day may yet come when the majority of animal environments may
be as accurately measured and their changes predicted with the same

certainty.

The writings of Birge may be referred to for the discussion of the

temperature phenomena, including the work of the wind and the biolog-

ical significance of the thermocline.

The Thermocline—Its Significance.—Simony in Germany observed

the peculiar stratification of water over 65 years ago (Buchanan, 1886).

Richter investigated it in 1891 and termed it "Sprungschicht." Birge

termed it the " thermocline" in 1897.

The change of density due to temperature and the absorption of the

sun's heat by the surface water (compare the graphs Figs. 95 and 96)

make it inevitable that the surface of lakes will be warmed rapidly by

the sun and that the warmer they become the less tendency they will

have to mix with the cooler waters which lie below. The wind is the

chief agent of mixing and its action becomes more restricted as the

season progresses until the difference of density between adjacent strata
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becomes so great that it cannot be materially disturbed even in violent

storms.

The two figures representing the temperatures of the major Finger

Lakes of New York for the years 1910 and 1911 illustrate how similar

the temperatures of the lakes are. Although these lakes vary in length

from 11 to 38 miles, they lie parallel to each other and are about equally

exposed to the sun and wind (Figs. 94 and 95).

These curves are typical of the summer conditions of lakes of the first

order in temperate North America. They illustrate the upper wind-

Deg.C

Fig. 94.—Temperature curves of the six major Finger Lakes of New York in 1910

shown to the depth of 50 m. One vertical space represents 5 m. of depth; one horizontal

space represents 2°C.

disturbed layer or epilimnion (Birge, 1910). Below this is the layer of

sudden decline of temperature, the thermocline, with its thin thermal

strata constituting the record of the shifting balance between the opposing

forces of the sun and the wind during the progress of the summer. Below

the thermocline we have the hypolimnion, stagnant and uniform in

temperature, for it is beyond the influence of either the sun or the wind.

Twice a year, in the spring when the surface waters are being warmed

and in the fall when they are being cooled, the waters of first- and second-

order lakes are of about uniform density. At these times the wind
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causes complete circulation of all of the waters. During these vernal and
autumnal overturns the animals and other substances in suspension and
in solution are redistributed.

The significance of the division of lakes into the epilimnion and
hypolimnion, and the restriction of complete circulation of the water to

two periods a year, can hardly be overemphasized. Practically all of

the physical and biotic characteristics are affected by this stratification.

This is less true of oligotrophic lakes with rocky shores than of lakes
^ — " — ' " "T

Fig. 95.—Temperature curves of the six major Finger Lakes of New York in 1911
shown to the depth of 50 m. One vertical space represents 5 m. of depth; one horizontal
space represents 2°C. Compare with Fig. 94.

with much material in suspension and solution (Kemmerer, Bovard, and
Boorman, 1923).

The Heat Budgets of Lakes.—From the foregoing considerations we
find that there is a more or less fixed condition under which a lake may
acquire temperature, and the amount of heat which a given lake can

acquire will depend upon how near it comes to satisfying the optimum
conditions for acquiring heat.

Birge (1915) discusses a number of conceptions of heat budgets.

The amount of heat necessary to raise the temperature of the lake from 0°

to the summer maximum is the gross heat budget. This is misleading,

for the lakes do not use up all of the heat budget during the year. The
amount of heat required to raise the water temperature from the winter

minimum to the summer maximum is the annual heat budget. Halbfass
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used this in the comparison of European lakes. It is of great importance.

The amount of heat required to raise the temperature from 4° to the

summer maximum is the summer heat income, or the wind-disturbed heat.

The annual heat budget may be computed from data as follows:

Dm (Tin 1

Dm = mean depth in centimeters.

Tm* = mean summer temperature.

Tmw = mean winter temperature.

Tmw
) = annual heat budget in gram-calories.

The mean winter temperature, Tmw
, can be taken at almost any time

under ice, and there will be very little variation found.

The mean summer temperature, Tm% has been taken at Green Lake

at times varying from Aug. 14 to Sept. 8 for nine seasons, and the total

range of variation was less than 1°. Wedderburn gives the example of

the temperature of Loch Ness which was derived from a series of readings

taken in the middle of the lake and compared with the mean temperature

computed from three series from different parts of the lake. The
difference in the two values was less than 0.1°C.

The following table is of interest in comparing certain lakes as to the

amount of heat required to raise them to the summer temperature and

the heat budgets jin gram calories per square centimeter of surface (Birge

& Juday, 1912).

Lake
Dm,

meters

0° to Tm* Annual budget

1910 1911 1910 1911

Cayuga
Owasco

54.5

29.3

88.6

43.5

33.1

50,000

40,000

68,000

44,000

39,000

49,000

38,000

65,000

47,000

38,000

38,200

38,900

38,300

39,200

32,000

36,500

36,600

Seneca

Skaneateles

Green (Wis.)

35,100

42,400

30 , 600

The budget is apparently independent of surface dimensions between

the limits of 16 and 60 km. of length, and it is independent of depth

between the limits of 30 and 90 m. A depth of less than 30 m. would

have a smaller budget, but a depth of more than 90 m. would make very

little difference.

Birge's principle is stated by him (Birge and Juday, 1912) as follows:

Inland lakes of the first class include those whose area and depth are such as

to permit the maximum annual heat budget possible under the weather conditions

of the season. Such a budget for lakes in the climatic and topographical con-

ditions of the eastern United States ordinarily equals or exceeds 30,000 g. cal.

per square centimeter of the lake's surface, and ordinarily lies between 30,000

and 40,000 g. cal. Such lakes, under the conditions stated, will be 10 km. or

more in length and will have a mean depth of 30 m. or more.
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This statement applies to lakes with a simple outline whose length is

five or more times the mean breadth.

When the outline of a lake is very irregular, it cannot be compared
with others of different outline. The European lakes are not uniform

among themselves, and so vary from the uniformity found in American

lakes. However, these variations are said to be due to elevation and to

the temperature of the air in the location where they are found.

Birge and Juday (1912) say of the Finger Lakes of New York:

The larger lakes of the Seneca basin take in and give out during the year an

amount of heat whose aggregate is enormous. It has been computed that this is

equal to the heat generated by the combustion of nearly 150,000 tons of coal for

each square mile of surface of the lake. The total amount of heat from Seneca

Lake would equal that from nearly 10,000,000 tons of coal. This heat is absorbed

by the water in the spring and liberated in autumn and produces a considerable

effect on the climate. The effect is intensified by the narrow valleys with their

steep slopes which concentrate and localize the influence of the water. Frosts

are delayed in the autumn, and in spring the cold water chills the air of the valleys

so that vegetation does not start until the danger of killing frosts has passed.

The slopes of the lake basins are, therefore, peculiarly well adapted for raising

fruits, and many orchards and vineyards are found there. The steep shores of

Keuka Lake, especially, are covered with vineyards, as thick set as those of the

Rhine.

Schmidt (1915) calls attention to the fact that a lake in a homotherm-

ous condition is in a state of indifferent equilibrium. When the upper

strata are warmed, it becomes proportionately stable. This stability

may be measured by the amount of work necessary to complete the

distribution of the heat in the lake and again bring it to the condition

of indifferent equilibrium. He does this in respect to the amount of

displacement of the center of gravity of the lake. His result is not very

different from that of Birge (1916), in the work of the wind in distributing

the heat throughout the lake.

The Work of the Wind.—It is evident from the discussion above that

the amount of work which must be done in warming any stratum below

the surface of a lake from one temperature to another will be equal to the

amount of work which will be necessary to lower a stratum of water of

this size from the surface to the position of the stratum in question.

This amount of work is necessary to overcome the difference in density

encountered.

There are two opposing forces at work in the process of the warming

of a lake, the sun and the wind. As a result the lake does not receive all

of the energy of the sun nor all of that of the wind.

The computation of the direct work of the wind in distributing the

temperature may be made by the use of the following formula from Birge

(1916):
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A = the area of the lake; A or A (no sign) = area at surface; A b = area at the

depth of 5 m.

V = total volume of the lake; Fs-io = volume between 5 and 10 m.

RT = reduced thickness; the thickness of any given stratum when its volume is

divided by the surface area of the lake.

= RT; n and m are the levels of the strata considered. RT is stated in centi-

meters.

T = temperature; Tm = mean temperature of whole lake.

T 5_io = mean temperature between 5 and 10 m.

D = density; Dn = density at any given temperature.

At 4° D = 1. At any other temperature it is less than 1.

Z = distance from the surface of the lake in centimeters.

W = work done in warming the lake as a whole; it is stated in gram-centimeters

for the surface of the lake.

W = {RT){Z){1 - Dn).

RT is taken as the weight in grams of a column of water whose base

is 1 sq. cm. and whose height is equal to the thickness of the layer when
its area has been extended to that of the surface of the lake. The product

of (RT)Z would then give the amount of work necessary to warm the

stratum if D were reduced to zero, so that 1 — D equals 1. (1 — D) states

the loss of density in a fraction of 1, so that the final product is a measure

of the work done in gram-centimeters per square centimeter of the surface

of the lake.

In the expression (1 — Dn), 1 is the density of the water at 4° and, there-

fore, is equal to D 4 . If the lower limit of temperature considered is any

other than 4°, its density, say D m} must be substituted for 1.

Exam-pie (Birge, 1916).—The stratum between 20 and 21 m. in a given lake is

warmed from 4 to 8°. How much work is involved in the rise in temperature?

Let RT = 56 cm. or 56 g. for a column, 1 sq. cm. in area.

Z = 2,050 cm.; D at 8° = 0.999876; .'. 1 - D8 = 0.000124.

.'. W = 56 x 2,050 x 0.000124 = 14.235 g.cm.

.'.in warming this stratum of the lake, 224g. cal. have been delivered at the cost of

14.235 g.cm. of work, or about 16 g.cal. per 1 g.cm. of work.

In a similar way the work required to warm each stratum of the lake

may be computed and the sum of the products will give the total work
expended in warming the whole lake.

It should be noted that it is not possible to let RT = the mean depth

of the lake and D = the mean density. This will be evident from Birge

(1916).

In Seneca Lake 42 cal.cm. 2 are transported to a mean depth of 55 m.
for each 1 g.cm. of work. The length of this lake is 56.6 km. and its

mean depth is 88.6 m. In Canandaigua Lake 18 cal.cm. 2 are transported

to a mean depth of 55 m. for each 1 g.cm. of work. The length of this

lake is 24.9 m. and its mean depth is 38.8 m. Geneva Lake in 1913

= 2,336.6 g.cm.; Green Lake = 2,022.6 g.cm. For Lake Mendota in

1910 it required 1,209.18 g.cm. 2 to distribute the heat in excess of 4°C.
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The average annual heat budget for Lake Mendota has been determined

as 23,000 to 24,000 cal. A study of the temperature of the bottom

deposits has shown that they have a heat budget equal to an additional

2,000 caL This would have to be added to that of the water to give the

total heat budget of 25,000 to 26,000 cal. for each square centimeter of

the surface (Birge, Juday and March, 1928).

Work of the Sun.—In this method of calculating the work done in

distributing the heat, it is assumed that all of the heat has been placed

rT
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Fig. 96.—Work curves for Seneca Lake. The vertical axis shows depth; the horizontal

axis shows gram centimeters of work per meter of depth and square centimeters of surface

of lake. OCC, curve of direct work. About 145 g. cm. of work, for instance, are necessary

to carry the heat of the 9- to 10-m. stratum from the surface and put it in place. BDE,
curve of distributed work, derived from OCC, showing the amount of work done in each

1-m. stratum. The area OBEFO (distributed work) is equal to the area OCCFO (direct

work). ODD shows the contribution of the sun in distributing the sun's energy. The
area ODDBO gives the contribution of the sun, and that of the wind is represented by the

area ODEFO. {From Birge and Juday, 1921.)

in the lake by the wind. The diagram (Fig. 96) indicates that this is

not true; for a small percentage of the sun's energy may go unaided to a

depth of 10 m. Birge and Juday (1920) have constructed a diagram

showing the " direct work" involved in carrying the heat to the various

parts of Seneca Lake by the wind and also the contribution made by the

sun.
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Movements of the Water.—Movements of the water are caused or

originated by the wind. Differences of density and pressure are never

of such magnitudes as to cause appreciable movements of the water in

lakes.

The topography of the surrounding country and the direction of

the prevailing winds determine very largely the location of open beaches

due to wave action. On the great lakes, only the sheltered bays are

exempt from wave action and many of the animals which comprise the

fauna of these rocky shores may be typically lotic. During the spring

when the ice is melting, blocks of it may be driven against the shore,

breaking off much of the vegetation and aiding in the erosion of the shore

line.

A tilting of the thermocline may be caused by a prevailing wind

blowing much of the water of the epilimnion to the leeward end of the

lake. When the velocity of the wind is reduced, this water will flow back

and produce an oscillation or possibly a so-called "seich" (Birge, 1910).

Concentration.—Under this subject we might consider the concentra-

tion of all materials in solution including salinity. Since salinity has

formed the basis of our major division of aquatic environments, we
shall first consider it briefly.

There are many inland lakes, without outlets, into which water

flows, laden with salts and other substances. In the course of time the

water evaporates and the salts remain, thus increasing the concentration

in the remaining water. Brannon (1911) says that Devil's Lake, N. D.,

had 8,471 parts of solid residue in 1899; 8,857 in 1905; and 10,514 in

1909. In this case the inflowing water has evaporated and left its load

of material to accumulate year after year, until there has been a marked

increase in 10 years' time.

Coker (1911) cites the example of Lake Poopo in the Inter-Andean
region of South America, which receives the overflow from Lake Titicaca.

The author says that Poopo contains 23 parts of salts per thousand,

while Titicaca is clear and fresh, though he gives no data on its salt

content.

The Great Salt Lake of Utah has a high salt content which reaches

even the point of supersaturation in shallow water about its margin.

Yet even here the larvae of certain flies are to be found.

Transeau has investigated the water of temporary ponds which

dry up in summer. It might be expected that the water in these ponds

would become greatly concentrated in the last stages of evaporation.

The case was quite the reverse, however. The greatest concentration

was found at the time of high water and the least at the time of low water,

at least in certain ponds. Transeau thinks that this may be due to the

materials in solution being adsorbed on the surface of particles in sus-

pension. Late in the summer when these particles have had time to
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adsorb the salts and to settle to the bottom, the water is left with a

reduced concentration.

The soluble nitrogen which is found in solution may serve to make
lake water a " culture medium" capable of supporting organisms much
as Putter (1909 and 1922) believed that the sea would do.

Birge and Juday (1927) have studied the organic content of several

lakes and have classified them as to the source of their organic matter.

Some lakes are dependent wholly on internal sources and these are

called autotrophic. They receive almost no surface drainage and are

dependent upon the plankton, and other plants and animals, for their

source of dissolved organic matter. Other lakes receive surface drainage

1000

June July Sept

mi
Nov. Jan.

1923

May July Sept. Nov. Jan. Mar. May
1924

Fig. 9', -Forms of nitrogen found in 1 cu. m. of surface water of Lake Mendota. (Domo-
galla et al., 1925.)

which brings with it much organic matter to add to that which is pro-

duced internally; these are called allotrophic lakes. As yet we do not

have enough information with regard to the quantities of organic matter

and the organisms to draw any very general conclusions. The organic

matter represented in the plankton is, on the average, only about 14 per

cent of the total organic matter in the water. Bog lakes which have a

high content of plant extracts may be very poor in plankton. It seems,

however, that the organic material in solution is fairly constant through-

out any given lake, and that it does not vary greatly in time. Table

XIX gives a comparison of several lakes based upon a study made by

centrifuging the water to remove the plankton.

Domogalla, Juday, and Peterson (1925) centrifuged the water of

Lake Mendota and determined the nitrogen content of the water from

j
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which the plankton had been removed. They found that at all times

there was an excess of the soluble nitrogen over the insoluble nitrogen

contained within the plankton organisms. This excess ranged from

three to 20 times the amount of the plankton nitrogen. The following

graphs compare the amounts of nitrogen found throughout the year in the

surface and bottom waters of the Mendota (Figs. 97 and 98).

Table XIX.

—

Forms of Nitrogen in Waters Other than Lake Mendota 1

Sample Date

O T3

fc

O
fc

a £
§ V

73
a!

fc

Devil's Lake

.

Wingra Lake ....

Monona Lake. . .

Rock Lake
Devil's Lake
Geneva Lake

Green Lake
Kegonsa Lake . .

.

Waubesa Lake .

.

Wisconsin River

.

Devil's Lake ....

Wisconsin River.

Green Lake
Wisconsin River.

Madeline Lake . .

Bass Lake
Turtle Lake
Lake Michigan .

.

Yahara River . . .

Before rain

After rain

Warner's Spring

.

Yahara River.

Wingra Spring

.

1922

Oct. 27

1923

June 6

June 28

July 6

July 11

July 16

July 18

July 20

July 20

July 30

Oct. 5

Oct. 12

Oct. 17

Nov. 21

Dec. 12

Dec. 20

Jan. 18

Feb. 28

1922

July 6

July 10

Aug. 2

1923

Mar. 5

Mar. 14

July 12

38.3

882.0

388.8

73.1

15.2

50.9

42.3

696.6

229.0

161.4

14.3

90.3

48.7

53.4

95.6

33.6

30.5

20.5

609.3

485.0

0.0

337.7

896.0

885.8

683.0

281.4

457.7

424.0

839.4

842.6

655.8

314.3

506.4

460.8

521.2

616.5

600.6

650.6

383.4

596.2

513.8

2,081.0

0.04,892.0
186.1 1,967.1

136.1

298.0

326.6

143.0

132.4

135.3

130.3

379.0

367.2

352.0

110.4

143.8

136.8

209.2

150.5

176.6

196.6

58.2

301.2

258.0

43.0

26.0

107.1

15. V

104.0

119.2

100.0

68.0

0.0

o.oj

3.6

1.8

0.0

1.0

1.7

0.0

0.0

124.0

116

132

100

144

164

132

126

14.

7

?

10. 7-

5.0 2

0.0

260.0

40.0

0.0

21.1

0.0

2.0

1.6

2.5

2.0

4.2

9.6

0.0

0.0

0.0

0.0

4.6

1 8

20.8

40.0

50.9

31.3

0.0

27.5

28.8

21.1

22.7

21.2

11.7

19.3

30 4

26.1

15.4

8.3

27.8

104.1

189.1

78.7

2,058.0

888.0

076 7

2 , 702 .

21.8

78.9

49.0

120 .

5

74.9

74.5

93.3

99.7

115.5

83.5

69.5

54.1

70.9

64.5

82.2

63.3

82.5

40.5

144.0

107.1

0.0

0.0

74.7

103.

229.

315.

176.

72.

135.

96.

299.

294.

302.

67.

143.

122.

277.

151.

177.

192.

56.

343.

343.

347.

252.

71

126.

120.

331

334.

100.

39.

173.

102.8

51.9

1 221.3

141.9

100.1

0.0

185.3

211.6

45.9

86.5

137.2

18.0

0.0 4.0

186.7'364.4

1 Domogalia et al., 1925.
2 Does not include free ammonia.

It seems from the types of nitrogen compounds and their seasonal dis-

tribution that they may play an important part in the nutrition of the

organisms in the water.

Proteins and amino acids are present in the lake waters and are

produced principally at the bottom where bacteria are active and few

higher plants are present to make use of them. In the surface we have

a reverse of these conditions. When the lake is stratified, there is no

mixing of the top and bottom waters; consequently, a great difference

exists, as for example, in the case of the free ammonia Jiitrogen and

nitrate nitrogen in the following table.
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Table XX.

—

The Distribution of Ammonia and Nitrate Nitrogen in Lake

Mendota Water

(In milligrams per cubic meter of water)

Surface 10 meters 18-20 meters

Station Dates Dates Dates

2/1/24 3/3/24 3/11/25
1

2/1/24 3/3/24 3/11/25 2/1/24 3/3/24 3/11/25

Ammonia nitrogen

I 104.0 180.0 152.0 120.0 204.0 196.0 176.0 392.0 472.0

II 120.0 196.0 164.0 128.0 216.0 280.0 200.0 640.0 544.0

III 120.0 193.0 180.0 144.0 236.0 236.0 208.0 528.0 528.0

IV 104.0 176.0 160.0 112.0 200.0 212.0 168.0 384.0 500.0

Nitrate nitrogen

I 27.8 62.5 55.5 55.5 76.9 65.7 68.9 119.0 96.2

II 31.2 87.9 55.8 61.7 90.9 73.5 78.4 178.5 125.0

III 34.8 78.1 67.0 63.3 87.7 70.4 87.0 166.6 111.1

IV 29.7 66.6 61.6 58.8 96.1 68.5 80.0 125.0 104.2

June July Sept. Nov Jan Mar May July Sept. Nov. Jan Mar May
1922 1923

Y
1924

Fig. 98.—Forms of nitrogen found in 1 cu. m. of bottom water of Lake Mendota. (Domo-
galla et al., 1925.)

Neutrality.—The general statement with regard to neutrality given

on pages 146 and 274 indicates that detailed studies of the hydrogen-ion
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concentration of lakes are lacking and that until these have been made we
cannot compare or classify lakes on this basis.

Birge and Juday's classification of "hard," " medium," and "soft-

water" lakes includes the statement that "soft-water" lakes were acid,

"hard-water" lakes were alkaline, and "medium" lakes were about

neutral, at least at the surface. This classification is based on carbon-

dioxide content and not hydrogen-ion measurement.

The pH of Lake Mendota has been studied by Juday (1924) over

a period of years (Fig. 99). During the vernal and autumnal overturns

Jan. Feb. Mar. Apr. May June July Aug. Sept Oct. Nov.

Fig. 99.—Diagram showing the distribution of hydrogen-ion concentration in Lake
Mendota during the years 1920 and 1921. Vertical spaces represent the scales pH 7.4 to

9.0 for each year. Depth in meters is indicated on the curves. (Adapted from Juday,

1924.)

the water was mixed and the entire lake was about uniform. Conditions

remained uniform and constant during the last half of November and

all of December, 1920. There was an increase of pH in the epilimnion

during the summer because of photosynthesis, and a decrease in the

hypolimnion during the summer and winter periods of stagnation when

decay was taking place.

Jewell and Brown (1924) have described a lake with a boggy margin

which was found to have a pH value of 4.4. Phillip (1927) found pH
values as high as 9.8 in mats of algae, while water, a meter away, showed

pH values of 8.0 or less. Furthermore, it was found that these great

differences in spatial distribution tend to be eliminated in the absence

of photosynthesis during the night and are built up again in the presence

of sunlight, reaching a maximum toward the end of the day. Such

information leads one to believe that we must have more determinations
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on the subject of the distribution of hydrogen-ion concentration in time

and space in individual lakes before we can compare one lake with

another.

The true significance of hydrogen-ion concentration may be uncertain,

as previously referred to. However, Brown and Jewell (1926) trans-

ferred great northern pike, the speckled bullhead, and yellow perch

from a lake with a pH of 4.4 to 6.4, to water with a pH of 8.2 to 8.7, and

the fish withstood this abrupt change. Whipple (1927) says: "It is

well known that hydrogen-ion concentration will change with fluctuating

plankton growth, but it is not always clear to what extent the change

bears a causal relationship to the growth or appears merely as an effect

of growth."

The Gases of the Water.—The general conditions involved in the

gaseous content of lenitic environments have been referred to on pages

141 and 271. We shall now turn our attention to the gases in the various

orders of lakes.

The lakes of the third order show little difference in oxygen content from

surface to bottom. Birge and Juday (1911) found that the upper three

meters at times became supersaturated with oxygen, but that winds

readily equalized this. Kemmerer, Bovard, and Boorman (1923) found

that seven out of 58 lakes, studied in the northwestern portion of the

United States, belonged to the third order (2 to 11 m. deep) and had

little or no variation in temperature or gaseous content from surface to

bottom.

The thermocline lakes (first and second orders) vary in their oxygen

content and have been divided into two types : those in which the oxygen

is present in the hypolimnion (oligotrophic), and those in which it is

entirely exhausted (eutrophic). This grouping does not correspond

closely with the orders based upon temperature, but seems to be depend-

ent upon the amount of dissolved organic matter, as previously stated.

The hypolimnion of Beasley and Garvin Lakes in Wisconsin may be

devoid of oxygen for as long as five months, and half of the volume

of Lake Mendota may be without oxygen in August. Most of the

thermocline lakes of the northwestern United States, investigated by
Kemmerer, Bovard, and Boorman (1923), had oxygen present in the

hypolimnion throughout the year. Twenty-six of these were lakes of

the first order, and seven were of the second order. Ten of these con-

tained more oxygen in the hypolimnion than in the epilimnion.

Pressure.—Since a depth of 10.328 m. will increase pressure by one

atmosphere, it follows that even third-order lakes may have the pressure

nearly doubled at the bottom. Crater Lake, with a depth of 602 m.,

has a pressure of over 58 atmospheres or over 750 lb. per square inch at

the bottom. This must be a considerable factor in the ecology of the

benthic fauna.
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The Taxonomic Groups of Animals.—A review of all the taxonomic

groups of the typical lake fauna would be too extended for the present

purpose. In general, the lake fauna is equivalent to the fresh-water

fauna minus the lotic organisms. It differs from that of ponds in the

greater number of vertebrates present and in a relatively small benthic

and relatively large planktonic fauna when measured in per cent of the

total fauna.

For the purpose of determinations Ward and Whipple (1918), Brauer

(1909 to 1912) and other papers listed in the bibliography are referred to.

The Ecological Groups of Animals.—Our interest in the ecological

groups is concerned with their ecological significance in the environment.

Particular emphasis will be given to quantitative consideration not

because qualitative studies are less deserving of attention, but because

the quantitative data lend themselves to comparison and analysis.

Limnopelagic Animals—Plankton.—In spite of the voluminous

literature of plankton, there is still a lack of qualitative and, particularly,

quantitative data of such an order that direct comparisons can be made
between one set of conditions and another. It is particularly difficult to

calculate correlations between the various environmental factors and the

quality and quantity of plankton.

The seasonal variations in plankton are more or less uniform through-

out the temperate regions. In general, there are two maxima, one in the

spring and the other in the fall, with periods of minimum amounts

occurring shortly before each maximum. The spring maximum is

largely due to an increase in diatoms. In some cases this may be due to

several species increasing simultaneously, while in others it may be due

almost entirely to a single species. This has been true in Crystal Lake,

and Birge and Juday (1922) have found the same to be true of the

Wisconsin lakes. In the diagram of the nannoplankton of Lake Mendota
it is interesting to note the appearance of Stephanodiscus astraea in April,

and May of each year, when it outnumbers all other planktonts for a

short period of time.

During the summer period of minimum for the total plankton, the

green and blue-green algae are present in large numbers and may, in the

case of Crystal Lake, cause a summer increase in the total quantity of

planktont. Ceratium, a flagellate, is consistently a summer planktont

appearing in numbers shortly after the vernal overturn, and disappearing

at or shortly after the time of the autumnal overturn. The following

diagram from Birge and Juday (1922) is a graphic presentation of the

numerical distribution of certain planktonts during 1916 and 1917 in

Lake Mendota (Fig. 100). The work of Birge and Juday (1922) may be

referred to for a comparison of a series of years which will show how
typically this diagram represents the distribution of the plankton in

time (Fig. 101).
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Fig. 100.—Diagram showing the numerical results obtained for the various organisms
in the nannoplankton of Lake Mendota in 1916 and 1917. Number of individuals or

colonies in 10 liters of water. The width of the area which represents the numbers of

organisms is the radius of a circle with an area equal to the number of organisms. The
following abbreviations have been used for the different organisms: RH, Rhizopoda;
CH, Chlorochromonas; CR, Cryptomonas; CI, Ciliates: AP, Aphanocapsa; AR, Arthrospira;

CC, Chroococcus; CL, Closterium; CO, Coelospherium; CM, Cosmarium; 00, Oocystis; SC,
Scenedesmus; SP, Sphaerocystis; CS, Cocconeis; CY, Cyclotella; SA, Stephanodiscus astraea;

ST, Stephanodiscus; OM, organic matter; FD, fragments of diatoms; FA, fragments of

Aphanizomenon. (From Birge and Juday, 1922.)
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The following diagram indicates the quantity of dry organic matter

in the net plankton (nannoplankton), and total plankton for the same
period as that covered by the diagrams of the numerical results. The
dry organic matter has been selected as the measure because it eliminates

a large amount of detritus ("Tripton" of Wilhelmi, 1917). The relative

importance of the nannoplankton in the total plankton is well shown in

this case (Fig. 102).

Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr May
2 341234 I 23 4 I 23 4 I 23 41 2 3 4 I 2541 2 3 4 I 2 3 4 I 234 12 34 1 2 34 1234 1 134 1234 12 34

Om

Dumi ^pirriiniraicrrjj; rum
TTTTnrrrrTTTTTTTTTTTmTr^ —r-TTT 1 1 1 1 1 1 1 1 1 TT-T-I

Fig. 101.—Diagram showing the numerical results for the net plankton of Lake
Mendota in 1916 and 1917. Numbers of individuals or colonies per cubic meter of water.
The width of the area which represents the number of organisms is the radius of a circle

with an area equal to the number of organisms. The following abbreviations have been
used for the different forms: DI, Dioptomus; CY, Cyclops; NA, Nauplii; DA, Daphnia;
RO, Rotifera; CE, Ceratium; MI, Microcystis; CO, Coelosphaerium; AP, Aphanizomenon;
AN, Anabaena; SM, Staurastrum; ME, Melosira; TA, Tabellaria; FR, Fragilaria; OM,
organic matter. {From Birge and Juday, 1922.)

It seems evident from these data that the vernal and autumnal
overturns have a profound influence on both the quantity and quality

of the plankton. Thus the diatoms with their siliceous shells are brought

into circulation during the period of complete circulation, and become
the dominant plankton forms, only to decline in numbers after the

waters become stratified and the hypolimnion stagnates, and they

gradually settle to the bottom.
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The vertical distribution of the plankton illustrates the importance

of various physical factors in determining where organisms may live.

Attention has already been called to the importance of viscosity and

relative density as factors in determining the strata in which planktonts

will float in a thermally stratified body of water. Perhaps there is no

better way of emphasizing this than by studying Fig. 103. It is interest-

ing to correlate the structure and habits of the various organisms with

the physical conditions of the environment as evaluated by Stokes's for-

mula (page 282). It will be noted that the vertical distribution of the

plankton is profoundly influenced by the thermal stratification of the

water.

23412341
Feb. Mar.

23412341234123412341234
Apr: May June July ' Aug. Sept.

234 12 34 1 234 12341 234 12341 2 34! 234
Oct. Nov. Dec. Jan. Feb. Mar Apr May

Fig. 102.—The amount of dry organic matter in the net plankton, the nannoplankton,
and the total plankton of Lake Mendota in 1916 and 1917. Curve A represents the total

plankton, curve B the nannoplankton, and curve C the net plankton. The curves show
the number of milligrams per cubic meter of water. (From Birge and Juday, 1922.)

The vertical distribution of the plankton crustaceans has been a

subject of considerable investigation and discussion. There is evidence to

show that they are negative to strong light and consequently migrate

upward at night and downward by day. Undoubtedly, other factors

than light have an influence, for it has been shown that, in certain

cases at least, the maximum numbers at the surface were reached during

the night, and that the migration downward began sometime before day-

break (Juday, 1904). The general literature on this subject has been

well summarized by Russell (1927).

Again, attention may be called to the inter-relations of the organisms

and their environment which are so well illustrated by the plankton.

The environment consists of water, the physical properties of which fix
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certain unalterable limitations of the aquatic environment. Super-

imposed upon these limitations we have properties which are peculiar to

bodies of water, which fix the amount of heat which the energy of insola-

tion may impart to them and determine the degree of stratification and

circulation which may result from the work of the wind. In this

relatively fixed and stable physical system we have, in solution and

suspension, various gases, chemical compounds, and organisms. The
quantitative relationships of these are all intricately interdependent,

yet not without the reasonable hope of ultimate analysis.

£ 3.0 12.9 !5

"*
1.3 11.9 20

QCCT'C

58 24.5

Numbers on horizontal space -Numbers of individual Plankto nte perliter ofwater. Scal e no! same for all
'

'D

Fig. 103.—Graph showing depth, temperature, oxygen, and vertical distribution of net
plankton in Lake Mendota.

The Biotic Potential of Plankton.—Lohmann (1911) stated that the

quantities of bacteria, protozoa, and metazoa present in the water, should

be weighted to correspond with their powers of reproduction. He
suggested that one volume of bacteria equaled six volumes of Protista

and 300 volumes of metazoa. Birge and Juday (1922) likened the

quantity of plankton present at any given time, to the quantity of water
present in a pool or a stream with water constantly flowing in on the one
side and out on the other side. A measurement of the amount of water,

present in the pool at any one time, would give no idea of the amount of

water present in the pool throughout a year. In a similar way the quan-
tity of plankton, present in an environment at any one time, gives no
idea of the annual production. These authors estimate that bacteria

may pass through several generations in one day; algae and protozoa may

.
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pass through one or two generations in a day; while certain Crustacea may
require two weeks or more for a generation. Taking all things into

consideration, they estimate that there is a turnover in plankton produc-

tion about once a week throughout the year. This implies a production

of the average standing crop of plankton about 50 times each year and a

consumption of a like amount by the environment, either by other

organisms or a passing of it into solution or suspension in the water

or its accumulation as a part of the bottom of the lake.
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Fig. 104.—Graph showing the numbers of planktonts in a lake which was treated with

copper sulphate at various times. (Huff, 1923.)

An examination of Huff's figure (Fig. 104) will emphasize the fact

that certain planktonts do increase in numbers very rapidly. The same

is true of Stephanodiscus astraea (Fig 100). This indicates an enormous

potential which is more or less constantly held in check by the resistance

of the environment. Possibly the consideration of the problem from

the viewpoint of biotic potential and environmental resistance may make
it possible to assign truer values to environmental factors.
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The Total Quantity of Plankton.—It is not easy to make a comparison

of the quantity of plankton in all three classes of lakes because of the

lack of comparable data. The following table adapted from Birge and

Juday (1922) will, however, give a comparison of lakes of the second

and third order.

Lake

Mean
depth,

meters

Volume,

cu.m.

Area,

sq. km.

Average dry

organic matter

mg. per cu.m.

Yield,

kg. per

hectare

Yield, lb.

per acre

of surface

Mendota
Monona
Waubesa

25.6

22.5

11.1

478,370,000

118,887,000

59,060,000

39.40

14.10

8.24

1,974

3,163

4,398

240

267

241

214

238

215

It will be seen that the smallest lake produced the most plankton

per unit volume of water, but that the depth was so much greater in the

larger lakes that the quantity per unit area of surface was about the same

in all cases.

The distribution of the total plankton in the various parts of Lake

Mendota is shown in the following table from Birge and Juday:

The Quantity of Organic Matter in the Total Plankton of the Different

Strata of Lake Mendota on Aug. 7, 1915. x

Stratum, Kilograms Pounds Percentage of

meters per hectare per acre total amount

0-5 117.1 104.5 36.7

0-10 214.6 191.4 67.3
0-13 253.0 226.2 79.5

14-23 65.0 58.3 20.5
0-23 318.0 284.5 100.0

1 From Birge and Juoay, 1922.

When the rate of reproduction is taken into consideration, it was
estimated that the annual production for Lake Mendota would amount
to 12,000 kg. of dry organic matter per hectare of surface, or 10,700 lb.

per acre. Estimating that the living organisms would weigh 10 times

this amount, we may arrive at a yield of 107,000 lb. of plankton per acre

of surface in a year's time.

Nekton.—Under the heading of Nekton we have the fishes as the

predominating group. Certain phases of the activities of some of the

aquatic insects may fall under this category, but in general they must be

considered as benthic.

The majority of the studies of fish are qualitative rather than quanti-

tative. The best quantitative comparison seems to be that based on
Pearse's determinations (1921) on five Wisconsin lakes.
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A Comparison of Five Wisconsin Lakes and of the Total Average Catch of
Fish per Hour in Gill Nets Set in These Lakes 1

Lake
Volume,

cu.m.

Depth,

meters

Surface,

sq. km.
Temperature,

summer, °C.

Total catch

per hour

Wingra.

.

Mendota
Geneva .

.

Green . .

.

Pepin . . .

2,761,000 4.3 2.2

478,370,000 25.6 39.4

434,773,000 43.3 22.1

984,825,000 72.2 29.7

594,350,000 17.1 65.0

26.8 to 26.8

9.7 to 23.3

7 . 3 to 23 .

6

4.9 to 21.6

23 . 7 to 26 .

4

7.703

5.050

3.285

3.677

2.553

1 Adapted from Pearse, 1920.

Lake Pepin has been included in the above comparison as a matter

of interest. However, it is a part of the Mississippi River and is not

directly comparable with the other lakes as may be seen from its tempera-

tures. Omitting Lake Pepin and comparing the four other lakes on the

basis of their temperatures, it will be evident that Wingra is a third-order

lake and that Mendota is of the second order. (Compare Pearse 's

temperature data with those of Birge and Juday, page 313.) Geneva
might be considered more or less intermediate between the first and

second order on the basis of its temperature, while Green Lake is typically

of the first order.

The total catch per hour is greatest in the shallow third-order lake,

and least in the first-order lake with the lowest temperature of the bottom

water. It happens that Green Lake, while a first-order lake, is of the

oligotrophic type, and does not have its oxygen supply exhausted from

its bottom water during the summer. Mendota, with a higher tempera-

ture in the hypolimnion, is eutrophic, and has no oxygen present for a

considerable part of each summer.

Many factors are concerned with the abundance of fish, and it must

not be assumed that any one factor can be relied upon to predict their

abundance. Since we are not primarily concerned with the ecology of

fishes, we shall not proceed with the analysis of the factors affecting

their abundance in different lakes. Such quantitative studies as those

of Pearse (1920, 1921), Smith (1925), and others may be referred to as

significant in such work.

The distribution of fish in depth may be illustrated with the following

diagrams which have been adapted from Pearse (1920). This com-

parison of a eutrophic lake, such as Mendota with its hypolimnion without

oxygen, with the oligotrophic Green Lake, with oxygen in the hypolim-

nion, suggests that the ciscos, for instance, are predominantly bottom

feeders, but that they are not permitted to get to the deep waters of the

bottom in eutrophic lakes such as Mendota because of the absence of

oxygen.
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Table XXI.

—

Summary of Gill-net Catches in Green Lake, 1919, Giving Depth

and Catch per Hour 1

Depth,

inches

Temp.
range,

°C.

Size

mesh,

inches

Time
set,

hours

Blue-

gill

Rock
bass

Perch
Pick-

erel
Carp Sucker

Small-

mouth
black

bass

Cisco

1 to 5 19.7

1

117.5

117.5

0.01

0.01

0.11 0.01
0.04

to 1H 117.5 0.03 0.02 0.01 0.06 0.01

2 117.5 0.05 0.01 0.01 0.01

22.2 3 117.5

Total 0.08 0.05 0.12 0.012 0.01 0.01

5 to 10 16.4

to

20.6

H
l

IK
2

3

97.2

97.2

97.2

69.0

69.0

Total

0.014

0.02
0.03

0.01

0.02
0.044

0.01

0.014 0.05 0.01 0.064 0.01

10 to 20 8

to

16.6

1

2

3

22.7

22.7

22.7

46.2

46.2

0.043

0.43 0.02

20 to 40 5.8

to

7(?)

H
1

1H
2

3

46.6

46.6

46.6

46.6

46.6

40 to 72 4.8

to

5.8

1

m
2

3

93.8

93.8

93.8

93.8

93.8

Total

0.053

0.980

0.350

0.0320

0.0320

1 . 4470

1 Adapted from Pearse, 1920.

Pearse (1918) found that perch make excursions to the oxygen free

hypolimnion. His experiments showed that they might endure con-

finement in the hypolimnion for a period of two hours, during which time

they used a part of the oxygen from the swim bladder.

Smith (1925) found that fish died when confined in cages below the

thermocline. A difference of two and one-half feet in depth was sufficient

to make the difference between death and survival.

Benthos.—Benthic animals have already been defined as those which

live on or in the bottom of the aquatic environment and are primarily

dependent upon the latter for support. It has been pointed out that

many animals may be predominantly benthic and yet make rather

extended excursions up into the open water, being limited, however, by
the necessity of returning to the bottom when they cease active swimming
because of their great specific gravity. This is true of most insects.

The adult insects, in general, are heavier than water in the absence of
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their air store and lighter than water when in possession of it. Conse-

quently, it is ordinarily necessary for them to attach themselves in order

to remain on the bottom, and to swim actively to maintain themselves

in the water.

We may subdivide the benthos into littoral, sublittoral, and abyssal

on the basis of depth, or we may divide it into "phytobenthos" and

"geobenthos" to distinguish between that portion of the bottom which

is covered with plants and that which is not. In general, the latter

distinction coincides with the former in that the phytobenthos is along

the shore or in the littoral region. Indeed, the limit of the plant zone

is a function of depth and may, therefore, constitute a biotic measure of

depth. When used in this general way, it is not possible to distinguish

between the bare shores because of wave action and the unvegetated

bottom areas beyond the depth of the plant zone. A more specific use

of the terms, phytobenthos and geobenthos, serves to distinguish between

specific habitats; as on plants, or on the bottom soil or rocks, regardless

of whether the soil be among plants or far beyond their depth zone.

The littoral benthos of lakes may be defined, arbitrarily, as extending

to a depth equivalent to the outer limit of the phytobenthos. The
abyssal benthos will then lie in the water deeper than the littoral benthos.

For Crystal Lake, Minn., the limit of the littoral benthos is ordinarily

between 3 and 4 m. Baker (1918) gives this as less than 3 m. for Oneida

Lake, N. Y., and Rickett (1922) found the plant zones of Lake Mendota,

Wise, to extend as far as 7 m.

Rickett (1922) divided the plant zone into three zones as follows: zone

1:0 to 1 m.; zone 2:1 to 3 m. ; zone 3:3 to 7m. Potomogeton pectinatus,

P. Richardsonii, and Vallisneria dominated zone 1. Potomogeton

amplifolius dominated zone 2, together with masses of Cerotophyllum

and Myriophyllum. Zone 3 had only scanty vegetation and has probably

been neglected in general observations by other investigators. The
quantity of plants in these zones may be tabulated as follows (Rickett,

1922):

Quantity of plants Zone 1 Zone 2 Zone 3

Kg. per hectare, wet

Kg. per hectare, dry

Lbs. per acre, wet. .

.

Lbs. per acre, dry. .

.

16,000

1,800

14,000

1,600

24,000

2,700

21,000

2,400

13,000

1,500

11,000

1,300

Attention has previously been called to the fact that the rooted

plants greatly increase the subtratum to which organisms may be

attached.
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The leaves of the submerged plants are characteristically covered

with the immature forms of insects. Chironomid larvae form their

tubes on the leaves, trichoperous larvae attach their cases, and ephemerid

larvae feed about over the surface of the leaves. Near the sublittoral

zone there may be large numbers of Hydra (Welch and Loomis, 1924).

In Crystal Lake, Minn., as many as 90 hydra have been found on a square

inch of leaf surface.

The sublittoral region is usually considered to lie just beyond the

outer limit of plant growth. Lundbeck (1926) divides the sublittoral

zone into the upper and lower sublittoral. This is usually near the

lower limit of circulation of water and is consequently often characterized

by a steep slope and an accumulation of molluscan shells. Temperature

seichs may cause the level of the thermocline to fluctuate and expose the

inhabitants to sudden changes of temperature and oxygen content.

The consideration of the benthic

animals will be confined to data with

regard to the quantitative relation-

ships. The biotic potential will be

briefly considered, but space will not

permit a detailed account of the

natural history of the organisms.

Needham and Lloyd (1916), Mial

(1895), and others, cited in the bibliog-

raphies under the various groups of

organisms, may be referred to for the

details of the life histories.

The animals of the abyssal benthos

are interesting in that they are

adjusted to living in an environment

which is among the most uniform in

the constancy of its low temperature,

continual darkness, and high pres-

certain of the thermocline lakes—the eutrophic type—the

8 9 10 11 12 13 14 15 16 17 18 19 20 20.5

Depth in Meters

Fig. 105.—Graph showing the num-
ber of individual organisms per square
meter of the bottom of Lake Mendota
at the depths indicated. The numbers
are the averages for the summer.

sure. In

oxygen varies from saturation to entire absence for a considerable period

in the benthos of the hypolimnion. The substratum is an ooze which

may be a suspension of particles almost colloidal in dimensions. Here,

under these exceptional physical conditions, we have a considerable fauna.

The graph of the numbers of benthic organisms in Lake Mendota
cannot express the fluctuations in the course of a year (Fig. 105). The
following graphs of the abundance of Chironomus (Fig. 106) and Corethra

(Fig. 107) indicate that Chironomus lives very well in the hypolimnion in

the absence of oxygen, while Corethra shows a minimum in its numbers

during the period of stagnation for each of the three years. This period

represents the adult stage.
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Johnson and Munger (1930) found as many as 7,000 Chironomus

plumosus per square yard in Lake Pepin, which is a part of the Mississippi

River. They estimated the average for the entire lake in July as 3,000

per square yard.

It is interesting to note that Needham and Lloyd (1916) consider

Corethra as a plankton insect, while Juday (1922) says that it becomes

benthic after a short period of

larval life. The adult insects

appear in great numbers during

midsummer. Consequently, it is

to be expected that the numbers

of larvae would be greatly reduced

at that time.

The littoral benthos of the

phytal region (according to Mutt-

kowski, 1918) is represented on the

basis of the results of Muttkowski

(1918), Fig. 108, and Adamstone

(1924), and Adamstone andHark-

ness (1923), Figs. 109 and 110.

Muttkowski's (1918) data should

be comparable with those of Juday,

as they give the data on the littoral benthos in the same way that Juday

gives them for the abyssal benthos for Lake Mendota.

Fig. 106.—The numbers of Chironomus
larvae per square meter of bottom below the
20-m. level in Lake Mendota. The numbers
are the average of one to 23 samples for each
month during 1917. (Adapted from Juday,

1922.)

1916 1917 1916

Fig. 107.—The average number of larvae of Corethra punctipennis in thousands per

square meter of bottom for the different months during the period of the observations.

The vertical spaces show the numbers of individuals from zero to 30,000. The solid line

represents the average numbers for one station and the broken line represents the combined
averages of five deep-water stations.

Many factors are concerned in determining the spatial distribution

of organisms in lakes. The evidence presented does little more than
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suggest the importance of depth and the distinction between the physical

conditions of the littoral zone and the deep or abyssal zone. Adamstone

and Harkness (1923) show the influence of the type of bottom on the

numbers of Chironomus found (Fig. 111). Muttkowski (1918) has

qualitative data on the effect of the type of bottom on the fauna. General

conclusions must, however, wait until we have amassed sufficient data

to make statistical correlations.

The aquatic insects in general are littoral with the exception of

Corethra and certain Chironomidae, which reach their greatest abundance

in the abyssal geobenthos. The insects which must have free air for
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Fig. 109.—Curves illustrating the distribution of Mollusca according to depth in Lake
Nipigon. (Adapted from Adamstone, 1923.)

respiration, the Coleoptera for instance, are quite limited to the littoral

phytobenthos. Here, with the increased area of substratum and the

quiet surface film, they are present in greatest numbers. The Epheme-

rida, May flies, and Trichoptera, caddis flies, are confined to the littoral

region although some species are to be found as far out as the sublittoral

region.

Nearly all of the data tend to show a reduction in the numbers of

organisms between the littoral and abyssal areas. This is very nearly

the area representing the thermocline and may possibly be due to its

influence. Beyond the phytobenthos, the bottom ooze is largely inhab-

ited by tube dwellers.
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Biotic Potential and Environmental Resistance.—The biotic potential

of the fauna is difficult to estimate because of the small amount of data

at hand and the lack of organization of what is available. The quantities

.gio

E

f\
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J\
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<p

12 14 20 3618

Depth m Feet

Fig. 110.—Curves illustrating the distribution of Ephemerida and Trichoptera accord-

ing to depth in Lake Nipigon. A, Hexagenia bilineata; B, Ephemera simulaus; C, Caenus
diminuta; D, Trichoptera. (Adamstone, 1924.)

of organisms, as measured by the data presented, represent the net

quantity in environments which are more or less balanced. Each
organism constitutes the food of another. Hence, such constant numbers

as are found to represent Corethra for several successive years seem to

indicate that its biotic potential is such that the environmental resistance

30

60 90
Depth in Feet

Fig. 111.—Curves illustrating the distribution of Chironomidae according to depth
in Lake Nipigon. A, on mud bottom; B, on sand bottom; C, on clay bottom; D, on all

bottoms. (Adamstone and Harkness, 1923.)

always reduces the numbers to about the same point. This, in turn, must
mean that the environmental resistance itself is relatively constant, which

seems reasonable so far as physical conditions on the benthic regions are

known.
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The high biotic potential of the May flies has been referred to in

connection with the ponds. Their actual numbers as shown by the

data presented are not great, which should indicate a great environmental

resistance.

The energy relationships of lakes and their faunas are so circum-

scribed and measurable that quantitative studies should lead to the

possibility of considering the relative numbers of the various organisms

required to maintain the society in the state of a conservative biotic

association.
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Fig. 112.—The average yield of fish food organisms, in pounds of dry weight per acre, at

various depths throughout Lake Nipigon. (Adamstone, 1924.)

The Quantity of Life Present.—It has been shown (Rickett, 1924)

that the rooted plants may produce from 1,300 to 2,400 lb. of dry matter

to the acre in the littoral zone of Lake Mendota. This is quite com-

parable to the production of 2.5 tons of dry matter from alfalfa, 1.3 tons

from oats, or 2.5 tons of corn on cultivated soil, which are good average

yields for conditions of cultivation. Aquiculture might increase the

yields just as agriculture has done in the past.

Adamstone's curve of the average yield of fish-food organisms for

Lake Nipigon does not give an adequate idea of the total weight of these

organisms because they were counted as individuals and the total weight

computed (Fig. 112). Furthermore, the data on the rooted plants

represent an annual crop, while Adamstone's data represent the standing

crop at the time of the determination.

Juday (1922) determined the weights of the benthic animals of the

intermediate and deep-water zones of Lake Mendota as follows

:
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Depth, meters
Live weight,

kg. per H.
Lb. per acre

Dry weight,

kg. per H.
Lb. per acre

8-20

20 .
5-23

.

5

359.6

696.8

320.7

620.7

48.2

76.6

42.9

68.1

This gives us a live weight of from 300 to 600 lb. per acre of Oligo-

chaeta, Pisidium, Chironomus, Corethra, and Protenthes. Furthermore,

this represents only the average standing crop which is not comparable

with the annual production.

Our data on the production of fish are also rather limited, but Barney

and Canfield (1922) report that the U. S. Biological Station at Fairport,

Iowa, has produced a net weight of Bluegill sunfish which amounted to

286 lb. per acre in 1918; 203 lb. in 1919; 333 lb. in 1920; and 374 lb. in

1921. This was a net production which left the pond in the same relative

condition at the start of each season and no food was introduced at the

beginning of the year.

Summarizing our data, we have 284 lb. plankton per acre live weight;

300 to 600 lb. benthic organisms per acre live weight, and a net production

of 300 lb. fish per acre live weight. The weight of the fish is a net weight,

while the others are standing crops. Nevertheless, the example serves

to illustrate the value of quantitative data in making comparisons and

drawing conclusions.
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CHAPTER XVII

LOTIC ENVIRONMENTS

General Characteristics.—Lotic environments have received much
less attention than the lenitic. Forbes (1928) says:

The attention of biologists especially interested in the aquatic biota was

naturally drawn first, to the wonderful assemblage of animals and plants and the

system of life in the great seas; and, next, to those of the fresh-water lakes, con-

cerning both of which there are ample stores of knowledge from various sources to

draw upon; but the rivers of the country have received so little comprehensive

attention from our biologists that I do not know of a single attempt anywhere in

America to develop and disclose the complete biology of a river system, except

that which has been made by us in Illinois.

The environments which are characterized by the motion of the

water and termed "
lotic" are the streams. Along the shores of the

Great Lakes there are lotic communities where the wave action is inces-

sant, thus producing the fundamental conditions of a lotic environment

and presenting an exception to the general statement that all lotic

environments are streams.

In general, the lotic environments differ from the lenitic ones in

their narrower breadth and their shallower depth and all of the accom-

panying physical characteristics which are influenced by these dimen-

sions. It is true, however, that some of the larger and slower flowing

streams approach the conditions of lenitic environments. Lake Pepin

is a portion of the Mississippi River in which the breadth and depth are

greater than is general for the rest of its course. All of the water of the

Mississippi River flows through Lake Pepin but it is so wide and deep

that the conditions are more lenitic than lotic. There are also many
oxbow lakes and sloughs which are connected with the main stream

at high water but which become disconnected at low water. These

are sometimes called "furiotile lakes." Their fauna is derived from the

river, but as the season progresses the environmental conditions become
lenitic.

Physical Characteristics. Morphometry.—The topography and geog-

raphy of a region determine the general type of streams which may be

present. In regions of rock outcrops the streams reduce their beds to a

base level very slowly, with the result that there are rapid streams with

waterfalls and gorges. In alluvial regions, the streams, particularly

the larger ones, soon reduce their beds to a base level and thus produce a

relatively uniform slow rate of flow.

347



348 ANIMAL ECOLOGY

The type of bottom is determined by the rate of flow; and this, as has

just been stated, is determined by the nature of the region. The size

of the material of which the stream bottom is composed varies directly

as the rate of flow. The various sizes are described as rock, rubble,

gravel, sand, and silt. The rolling coefficient is an expression of the

ratio of weight to surface.

The types of bottom vary with their distribution in space and
time. In general, streams are swifter near the source and slower as they

approach the base level of the mouth. At the bend of a stream the

coarser material is deposited on the outside of the bend where the flow

is the swiftest.

The seasonal changes in streams are much greater than those in

lenitic environments. During the periods of flood when the snow is

melting and the ice is breaking up the bottoms of streams are remade

by the changed rates of flow. This creates extreme conditions for the

organisms.

Hydrometry. The Rate of Flow.—Since lotic environments are

characterized by the rate of flow of the water and the type of bottom, and

as a result the type of fauna is determined by it, the movement of the

water must be given first consideration. The velocity of the flowing

water depends principally upon the slope of the stream bed, the roughness

of the bottom, and the hydraulic radius. The hydraulic radius is the

area of the cross-section divided by the wetted perimeter. The relation-

ships of these factors are expressed by Chezy's formula (Galtsoff, 1924)

as follows: V = c\/Rs, where V is the velocity, c is a coefficient which

takes into consideration the effects of the type of bottom, s is the slope,

and R the hydraulic radius.

The determination of the velocity of the water is most conveniently

accomplished by means of a pitot tube (Rowse, 1913). This instrument

consists of a glass U-tube connected with two metal tubes, one of which

is opened at the end and directed against the current; and the other is

opened either down stream or at the side to avoid the pressure of the

water. The reading is made by observing the difference in level of water

which has been placed in the U-tube. A graph may be prepared for

each instrument from which the difference of level of water, as indicated

by the U-tube, can be translated into rate of flow in feet per second or

any other convenient terms.

The vertical velocity curves are rather uniform, so that the velocity

of a film of water at a point between 0.5 and 0.7 of the depth, measured

from the surface, is as great as the mean of the velocities in that line.

This is a result of the friction of the bottom and the surface of the film.

Ecologically it is important to know the rates of flow in certain parts

of the stream where the organisms are living. Clemens (1917) made a

study of the rate of flow of water in a creek and found the following

measurements for a period of high water:
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Inches below Flow, feet Flow, feet Flow, feet

surface per second per second per second

2 4.5 4.5 3.9

3 4.2 4.4 3.7

4 4.0 4.3 3.7

5 3.8 4.1 3.3

6 3.7 3.8 3.0

7 3.7 3.3 2.9

8 3.7 3.1 2.8

9 2.9

10 3.4 2.9 2.7

11

12 3.2 2.7 2.6

14 3.0 2.4 2.5

15 2.9 2.2

16 2.2 2.2 1 . 7 bottom

17 1 . 7 bottom 1 . 7 bottom

This agrees very well with the generalization above, and shows the

influence of the bottom in controlling the rate of flow, regardless, in this

case, of the rate above it.

In a swift stream with the characteristic community of Simulium and

Hydropsyche, the rate of flow was shown by Clemens (1917) to vary

from three to five feet per second, or more, at the surface, and to be two

to four per second at the bottom. However, a great variation was
found about the stones on and under which the fauna was found. When
a stone 12 by 10 by 2.5 inches was placed in the creek, the rate of flow

of the water was found to be 1.9 feet per second half-way between the

stone and the surface, and 1.5 feet per second at the surface of the stone.

Three-quarters of an inch behind the stone there was no current and
on the bottom of the stream behind the stone, the rate was only 0.5 feet

per second.

It is evident that, while there may be general changes in the rates

of streams as shown by Galtsoff (1924) for the Mississippi River, there

are also many local differences in the rates of flow which may be very

significant ecologically.

Light.—The fact that lotic environments are capable of holding a

large amount of material in suspension means that the transparency of

the water may be lower than that of lenitic environments; and conse-

quently the depth to which light may penetrate will be correspondingly

less. In the absence of data on light, the following graph is presented

to illustrate the change of transparency in the water of the Mississippi

River as it enters Lake Keokuk at Burlington, Iowa (Fig. 113). During
the summer, the sediment settles out and greatly increases the trans-
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parency of the water. During September, the transparency is uniformly

low as a result of the fall rains.

It is true that the waters of spring brooks with rock bottom are very

transparent and so shallow that the light penetrates to the bottom with

very little reduction. The large muddy streams would present the other

extreme of the series.

Temperature.—Lotic environments are characterized by temperatures

which are very uniform as to spatial distribution, but which exhibit great

change with distribution in time. The greatest difference of temperature
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Fig. 113.—Transparency of water in the Mississippi River and Lake Keokuk, between
New Boston, 111., and Alexandria, Mo. The figures on the line represent the transparency
in centimeters; the figures under the lines represent the day of observation. (Galtsoff,

1924.)

observed by Galtsoff (1924) in a study of the vertical distribution of

temperature in the Mississippi River was 3.5°C. at a depth of 13.4 m.

He states that for the river as a whole, the difference between the surface

and bottom temperatures was usually less than 1°. This is in striking

contrast to the conditions found in lenitic environments.

The motion of the water and the relatively large surface exposed

cause it to conform much more closely to the temperature of the air

than lenitic environments do. The following graph from Clemens (1917)

illustrates the correlation between the temperature of the water and air

during summer and winter. It is obvious that the water temperature

will be more independent of the air in the winter than in the summer.

Here we see the effect of the latent heat of water.

The materials in suspension usually increase as the water passes from

the source to the mouth. This is regardless of the fact that the rate of

flow is usually decreased, which results in a settling out of the larger

particles. In the case of the Mississippi River, the material in suspension

amounts to only 7.9 parts per million at Minneapolis (Townsend, 1915),
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and may reach the ratio of 280 parts per million in the lower part of the

river.

The materials in solution vary greatly with the type of soil to be

found in the drainage basin of the stream. The following table indicates

that the total materials in solution at the upper part of the Mississippi

River are about the same as in the lower portion.

CO, SO 4 CI NO a Ca Mg Na,K SiO s Fe 2 :

Salinity,

parts per mill.

Minneapolis 47.04 9.61

Memphis 32.02 11.31
I

I

0.85

5.72

0.85 20.59

0.10 17.45

7.67

6.98

5.33

6.19

8.01

19.45

0.05

0.78

200

197

It is interesting to note the slight decrease in salinity which is the

reverse of what might be expected from evaporation as the water pro-

ceeds to the mouth of the river. Some of the changes are undoubtedly

influenced by the large amount of water which flows into the Mississippi

from the Missouri River.

Clemens (1917) examined the water of a relatively short swift stream

which flows through a limestone gorge near its mouth. His data are

as follows:

Parts per Million, June 18

2 8.0

C0 2 1.5

Free bicarbonates 52 .

9

Free NH 3 0.058

Alb. NH 3 0.101

Nitrates 0.025

CI 2.0

Sulphates 33 .

3

Fe 2 3 0.42

When compared with the conditions found in the lenitic waters, it

seems that lotic environments have more salts and may have less soluble

nitrogen than the waters of lakes.

The Gases of the Water.—The relatively great surface area of the

lotic environments which is exposed to the air and the continual mixing of

the water results in maintaining the gases in equilibrium with the air.

In this respect the lotic environments differ markedly from the lenitic

ones. The oxygen concentration found by Clemens has been shown
in connection with the temperature conditions (Fig. 114). The oxygen

concentration so closely approaches that of saturation that it may almost

be considered as saturation for general purposes. The fauna is typically

adapted to a high oxygen concentration; and it is not possible to rear the

lotic organisms under artificial conditions unless the oxygen content

of the water is maintained at about the point of saturation.

The Neutrality of the Medium.—The general conditions described in

connection with the lenitic environments will apply to the lotic environ-
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ments with two differences. In the first place, the continual mixing of

the water tends to prevent the accumulative effect of photosynthesis

and the accompanying diurnal cycle of pH values. In the second place,

the long course of the stream makes it possible to have changes from one

end to the other, due to tributaries and differences in the general

watershed.

The limits of acidity are apparently about the same as for lenitic

environments. The fauna of an acid stream and the conditions found in

such an environment are described by Jewell (1922). Creaser and Brown
(1927) studied a series of 31 streams of northern Lower Michigan which

varied in pH from 7.1 to 8.2. They concluded that the brook trout,

Salvelinus fontinalis Mitchell, thrived and completed its life cycle in

streams with this range of alkalinity, even though Coker (1925) had

suggested that neutral or slightly acid streams were most fayorable for

them. Spring brooks are influenced by the type of soil from which the

water flows, and the surface drainage streams may receive bog waters
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Fig. 114.—Physical conditions in Cascadilla Creek, N. Y. (Clemens, 1917.)

which are strongly acid. Thus lotic environments may differ among
themselves as much as or more than lenitic environments in this respect,

but they are subject to less diurnal fluctuation.

Biotic Characteristics of Lotic Environments.—Attention has been

called to the fact that the typical rapidly flowing water of the lotic envi-

ronment presents a very characteristic environment, but that in the slower

streams conditions may approach those of the lenitic environment.

What has been said of the environmental conditions may also be said

of the fauna. The swift water has a very characteristic fauna. In fact,

there are a number of groups which are characteristically lotic.

The order Plecoptera, stone flies, is characteristically lotic. The

family Hydropsychidae, net-spinning caddis flies, is characteristically

lotic as is the family Simulidae, black flies, of the Diptera. There are
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many groups of species and genera of Trichoptera, caddis flies, and
Ephemerida, May flies, which are also characteristically lotic.

The plankton is characterized by the presence of many diatoms which

are better supported in running water than in quiet water, where their

relatively heavy siliceous shells cause them to settle out.

For general considerations of the faunas of streams Needham and

Lloyd (1916), Shelford (1913), Hart (1892), and others cited in the

bibliography may be consulted. It is the intention here to consider the

principles involved in the ecology and certain quantitative data with

regard to the fauna of the lotic environments.

In general, the number of species is not great, but the number of

individuals may be very great. The mode of life is, of necessity, special-

ized. In the swifter water the organisms as a group are relatively

sessile. In a lenitic environment it is necessary for most of the animals

to move about to come in contact with enough water to obtain the neces-

sary amount of food. In the lotic environment a large amount of water is

continually passing; and sessile animals which are provided with a means of

obtaining food from the water as it passes have little need of locomotion.

The Hydropsychidae spin nets which strain the plankton from the

water as it flows through. The Simulidae have appendages modified

for the purpose of straining the microorganisms from the water. Even
the May flies have hairs projecting from their appendages to form

"plankton baskets." Clemens (1917) made a study of the plankton

baskets of the May fly, Chirotonetes, and found that the area through

which the water flowed was 8 sq.mm. His experiments with plankton

nets in water with a velocity of four feet per second showed that such a

net would collect about 0.05 c.c. of plankton in a period of 12 hours in

the stream which he was studying. He also found that the alimentary

canal of the May fly had a capacity of 0.0065 c.c. It would therefore be

possible for the digestive tract of Chirotonetes to be filled eight times in

12 hours under the conditions given.

A further study of the amount of plankton to be collected by nets in a

stream inhabited by Chirotonetes gave the following results:

Date
Edible plankton

per 8 sq.mm. in 12 hr.

at 1.5 ft. per second

Times the capacity

of the digestive tract

of Chirotonetes

June 25 0.050

0.097

0.041

0.048

0.066

8.0

June 29 15.0

July 6 6

July 13 7.5

Aug. 12 10.2
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This seems to indicate that the lotic organisms are able to obtain

sufficient food by maintaining fixed position in the stream and straining

out the plankton as the water flows past them.

The Biotic Potential of Lotic Organisms.—Many of the physical

conditions of a lotic environment are extreme, making it necessary for a

species to have a high biotic potential to maintain its numbers in the

environment. It is no easier to assemble data on the biotic potential

of lotic organisms than on any other group.

Claassen (Walker and others, 1923), in making a study of certain

Chironomidae found in a stream, made the statement that the possible

increase from a single pair of midges in a season amounts to 7,800,000 con-

30 60

Miles

River Lake Pepin

Fig. 115.—Distribution of Crustacea in Lake Pepin. The mean content and the mean
numbers of Copepoda and Cladocera in cross-sections of Lake Pepin, August to September,
1921, from head of lake down to the foot. Stations 96 to 98 are located at the inflow of the

Mississippi River; Stations 101 to 103 at the outflow of the lake. Heavy line represents

the mean volume of plankton per cubic meter of water; plain line, the number of Copepoda
per cubic meter of water; dotted line, the number of Cladocera per cubic meter of water.

The figures on the lines are the averages computed from the data of three stations on the

given cross-section of the lake. The serial numbers of stations are given under the abscissae.

Scale: One division of the abscissae, 1 mile; one division of the ordinate, 5cm. of plankton
for heavy line, 10,000 individuals of Copepoda for plain line, and 1,000 individuals of

Cladocera for dotted line. {Galtsoff, 1924.)

sidering four cycles to a season. The general ability of the lotic insects to

distribute themselves and deposit their eggs is illustrated by certain small

streams located in central Minnesota, which are separated from other

similar environments by several miles; and yet they contain the typical

Simulium-Hydropsychae community with large numbers of individuals.

The environmental resistance is great in a lotic environment, due to

the fact that if an organism is displaced it will be carried down stream and

will not be deposited until the water has slowed down, which means that

the conditions will not be favorable for lotic organisms to live in. The

great fluctuation in the spring and fall, and the action of the ice at the
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time that it breaks up in the spring, both tend to reduce the number of

individuals.

The resistance of the environment begins to have its effect in the

egg stage when the female introduces her eggs into the swift water, and

continues until the adult insect emerges from the pupal case and escapes

into the air above the water.

The Quantity of Organisms Present.—Quantitative methods for

lotic environments are not as well developed as for other aquatic condi-

tions. The plankton have been most studied by quantitative methods by

Kofoid (1903), Allen (1920), and others. Galtsoff (1924) found the quan-

tity of plankton to be rather uniform in vertical distribution on the

Mississippi River, but to vary from place to place. He found a slight

increase in the plankton as the water flowed through Lake Pepin, as is

shown in the following graph (Fig. 115).

Claassen (Walker and others, 1923) found as many as 20,000 Chiron-

omus larvae to the square foot on the bottom of a stream in New York.

An examination of a stream flowing through a canal near St. Paul revealed

the following quantitative data with regard to the population.

Quantitative Samples from the St. Paul Water Canal
(One Ekman dredge or an equal volume, about 216 cu. in., in each)

Species

Hydropsychidae

Leptoceridae

Chironomidae

Ceratopogan

Simulidae

Gammaridae
Snails

Other Trichoptera .

.

Planaria

Belostomadae

Damsel flies, larvae.

Ephemeridae

Hydrachnidae

Coleoptera

Molluscs

Worms

Total number.

Total weight.

.

Sample

from bank
Sample from

tuft in stream

6,193

12

396

95

136

21

3

3

11

1

1

25

3

2

6,902

95 . 7 grams

1,689

48

46

14

257

5

2

1

34

1

102

14 grams

This stream represents artificial conditions in that it connects certain

reservoir lakes and has a controlled flow through alluvial deposits. In

contrast to natural lotic environments, the bottom and sides of the stream

are soft with overhanging herbaceous vegetation. There are many
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tussocks along the shore, and the stream bed is kept open by occasional

cleaning. This lake water flows rapidly through the canal, laden with

plankton and dissolved organic substances, which serve as food for the

multitude of lotic organisms which live on the vegetation in the stream.

This seems to indicate that the conditions of a lotic environment are

not strictly comparable to those of a lenitic environment in that a lenitic

environment has a fixed amount of water in which the food cycle repeats

itself over and over. In the lotic environment the water is forever moving

past the organisms, and the amount of food available at any one point is

dependent upon the amount of water that passes in a unit of time, and

upon what has taken place in the water before it reaches that point.

Conditions in Various Types of Lotic Environments.—The discussion

which has preceded has been with regard to typical lotic environments.

Lake Michigan

Fig. 116.—Diagrammatic arrangement of the North Shore streams. The streams are
mapped to a scale of 1 mile to the inch, and the maps are placed as closely together as pos-
sible in the diagram. The intermediate shore-lines are shown in broken lines which bear no
relation to the shore lines which exist in nature. Toward the top of the diagram is west.
Each number on the diagram refers to the pool nearest the source of the stream which con-
tains fish, as follows: 1, the horned dace; 2, the red-bellied dace; 3, the black-nosed dace;

4, the suckers and minnows; 5, the pickerel and blunt-nosed minnow; 6, the sunfish and
bass; 7, the pike, chub-sucker, etc. The bluff referred to is about 60 ft. high. The stippled

area is a plain just above the level of the lake. (Shelford, 1913.)

It was previously stated that streams vary from the typical swift, truly

lotic conditions to those of lenitic environments. The typically lotic

conditions are those just described and the lenitic conditions were de-

scribed previously. It may be said in general that the physical and

biotic conditions are intermediate between the two, or resemble the one

or the other, depending upon the rate of flow of the water.

Shelford (1913), Klugh (1923), and others have proposed classifica-

tions of lotic environments. Temporary or intermittent streams are

characterized by the fact that their flow is discontinuous as to both space

and time. They often consist of a series of pools connected by streams

during a part of the year when there is a series of pond and stream com-
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munities. Later the streams may dry up leaving only the ponds, and

later even these may disappear.

Of the permanent streams we have the swift-source streams such as

the spring brooks which are the most typical of lotic conditions. Proceed-

ing along the series of streams we come to the swollen base-level streams

in which the conditions are much like those of lenitic environments

except that they are subject to greater fluctuations of level with the

resulting increase of rate of flow and change of bottom, due to washing at

high water and silting down at low water.

Shelford (1911) has called attention to the succession of communities

as one proceeds from the mouth of a stream to the source. He has given

the diagram (Fig. 116) and explanation of the conditions:

It is conceivable that Glencoe Brook might, in time, and with sufficient drainage,

extend its course back from the lake until it reaches the size of Pettibone Creek, and

would acquire the additional fauna found in the larger streams. In the same way
it may be supposed that the larger streams were once as small as Glencoe Brook with

only the horned-class community. As they cut their beds back from the lake the

new conditions arose accompanied by the new communities.
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CHAPTER XVIII

TERRESTRIAL SYNECOLOGY—COMMUNITIES OF THE SOIL

The progress which has been made in the quantitative study of terres-

trial synecology is hardly comparable to that which has been made in

aquatic studies. The reason is that the terrestrial environment is much
more complicated and is less susceptible to measurement than the aquatic

environments.

It is not a difficult matter to investigate the physical properties of

water, but the terrestrial environment consists of the soil, the vegetation,

and the atmosphere. The atmosphere is most closely comparable with

the water. The soil is infinitely more complicated than water, being more
like protoplasm itself, as it is composed partly of organisms and their

products. The vegetation consists of communities of organisms.

It is true that conditions similar to those found on land are to be

encountered in the marginal areas of aquatic environments among the

rooted vegetation. But it is also true that in these localities the quanti-

tative study of aquatic environments has made the least progress.

It is a peculiarly inconsistent state of affairs that has resulted in

aquiculture lagging far behind agriculture when aquatic environments

have been demonstrated to be more susceptible to quantitative investiga-

tion than terrestrial environments are. Terrestrial zooculture has pro-

gressed because of the economic pressure, until many of the superficial

phases of it have come to a fairly high state of quantitative development,

making it possible to determine the number of pounds of beef or pork that

can be supported by a given area of ground. But aside from certain of

the larger animals we have little information with regard to the quantities

of animals present in terrestrial environments and, what is more serious,

we are lacking in methods for making such determinations.

For the purpose of description the terrestrial environments may be

placed in the following classification without entering into a discussion

of the relative merits of the different categories of classification which

have been proposed (Shelford, 1913; Klugh, 1913; Pearse, 1926, and

others).

Exposed surfaces:

Bare rock associations

Sand associations

Beaches

Sand dunes

360
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Grassland associations

Marshes

Meadows
Low prairies

High prairies

Shrub associations

Forest associations

Poplar association

Coniferous associations

Oak association

Elm-maple association

Basswood-maple association

This order is in general agreement with the order of plant succession

and also places the various strata in their proper relationships. It is,

however, not adequate for the purpose of the classification of all environ-

ments. The authors of papers on systems of classification have been

cited, although there may be some doubt as to whether any system will

appear adequate to all.

Without regard to any system of plant succession or classification

of communities, it is logical to consider, first, the environments which

consist essentially of only the soil stratum; next, those which consist

essentially of an herb or gas stratum ; then, the shrub stratum ; and, finally,

the tree or forest stratum. The environments increase in complexity in

this order as each category adds another stratum to the preceding one.

The action of physical factors, such as solar radiation, wind, and the conse-

quent effect upon temperature and moisture, all are correlated with the

order of these strata in natural environments.

The general characteristics of different strata will first be considered,

following which certain characteristic data will be presented with regard

to typical associations of different types.

The Soil Stratum as an Environment.—The greatest interest in soil

is to be found in the study of it, not as a substance, but as a biotic reaction.

It is of interest primarily as an environment of microscopic and macro-

scopic organisms. Its inorganic constituents are relatively inert. The
dynamic constituents are organisms. It may be considered a part of the

earth's biosphere. In humus soils as much as 80 per cent of the dry

weight may be organic matter; and in mineral soils only 4 per cent may be

organic matter (Lyon and Backman, 1929).

It is possible to present only the briefest summary of the conditions

in the soil and the communities which are found there. The study of

soils has developed to the point where it is not possible to summarize

adequately the information in a limited chapter such as this. The
student is referred to the recent texts on the subject of soils and the

biology of soils for an adequate treatment of the subject (Waksman,
1927; Russell, 1923; Emerson, 1930; and Ramann, 1928, translated by
Whittles).
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Soils, like faunas and floras, may be classified on the basis of the

climatic conditions to which they are exposed. The physical conditions,

such as moisture and temperature, are influenced directly by the climate,

and the biotic reactions are influenced indirectly. Ramann (1928)

considers the climatic categories of primary importance. Emerson

(1930) gives an interesting discussion of the problems of soil classification

which involve physical and biotic characteristics as well as the genesis of

soils.

The Physical Properties of Soil.—Three layers may be recognized in a

general way: the debris (humus) layer, the surface soil, and the sub-soil.

In general, the depth of the debris layer increases from a condition in

which it is absent on the sand dunes, to a condition of a considerable

depth in the climax forest.

The Texture of the Soil.—In the order of the size of particles we may
arrange the soils as: clay (the finest particles), silt, sand, and gravel. The
size of the particles is important as a factor in determining the moisture

and gaseous conditions which may obtain in the soil.

The structure of the soil is of much the same importance biologically

as the texture. The particles may be arranged either singly or in groups.

Clay soils which "puddle" may have their particles adhering to each other

singly and thus present a solid, more or less homogeneous mass. When the

particles form groups, the structure is open, as each group of particles

acts more or less as a single large particle, and thus a porous soil is pro-

duced. The particles, however, are not all of the same size and the

smaller ones tend to pack in between the larger ones.

Lyon and Backman (1929) state that the volume composition of a

silty-loam soil in good condition for plant growth would be represented

by about 50 per cent of solid space and 50 per cent pore space. The
pore space is occupied by air and water in about equal volume, so that

25 per cent of the total volume of such a soil would be water and 25 per

cent would be air. About 5 per cent of the total would be organic

material and 45 per cent would be mineral.

The Temperature of the Soil.—The temperature of the soil varies

most at the surface and least at depths of several feet where conditions

approach a constant temperature. The temperature at the surface of

soils varies much more than that of the air in summer, as it is more
dependent upon the radiations from the sun than upon the temperature of

the air. In winter a covering of plant material and snow protects the

soil from heat conduction.

The annual and diurnal fluctuations of the soil surface on the desert

present probably the greatest temperature fluctuations of any natural

environment. Certain Egyptian soils are essentially sterilized each year

at the time of the greatest angle of incidence of the sun's rays. Taylor and

Burns (1924) published the following graph of the diurnal fluctuations of
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Soil Temperature Curves, Giza 1922
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the temperature in the soil in Egypt (Fig. 117). It is interesting to note

that a vertical section of the soil at any one time may show the effects

not only of the day before but even of the day before that.

Mail (1930) found that the soil temperature is influenced to a

considerable extent by the presence of grass, which acts as insulation

in the winter. He studied the temperature on two areas: one bare

ground, and the other sod-covered ground. The temperature of the

bare ground followed that of the air much more closely than the sod-

covered ground did (Fig. 118).

McColloch and Hayes (1923) made* a study of the annual fluctuation

of temperature in the soil and called attention to the two periods in the

year when the temperature gradient was reversed. In the fall, a time

comes when the surface temperature becomes colder than the soil below

and this condition obtains until the sun has warmed the surface in the

spring sufficiently to cause a reverse of the gradient. It was found that

the "white grubs" were influenced in their migrations up and down in the

soil by the direction of the temperature gradient.

In the Arctic the perpetual frost may extend several meters below the

surface, even to bedrock. In areas covered by the arctic tundra, the

surface may thaw to a depth of only 30 or 40 cm. This limits the organ-

isms to a relatively shallow soil and makes annual migration below the

frost line impossible.

Cases have been recorded in many of the northern bogs of Minnesota

where the ice is perpetually present at a depth of a few feet. The soil of a

forest appears to have the least annual and diurnal fluctuation and that of

the deserts and dunes the greatest fluctuations.

The Moisture of the Soil.—The amount of moisture in the soil may be

expressed in per cent as compared with the dry weight of the soil, in per

cent of saturation of the soil, or in terms of the available moisture as

determined by the wilting coefficient of plants. It may be present as

gravitational water in the larger spaces between the coarse particles, which

may drain away under the influence of gravity. It may be capillary mois-

ture, between the smaller particles, which will not drain away by gravity

because of surface tension but may be evaporated. Or it may be a

film adsorbed on the surface of the particles and equivalent to the water

content of air-dry soil. The moisture thus adsorbed is the hygroscopic

moisture. The amount of moisture present when the soil contains all the

hygroscopic moisture possible may be expressed in per cent of the dry

weight of the soil, as the hydroscopic coefficient. The finer the particles

the more surface there is available to be covered by the film of moisture.

Silt and clay soils retain both gravitational and capillary moisture and

present a large amount of surface on the particles. The methods of

determining soil moisture may be found in the various textbooks. Bouy-

oucos (1927) gives a convenient and rapid method of determining soil

moisture which can be used in the field.
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The Atmosphere of the Soil.—The atmosphere of the soil is said to be

dependent upon the structure and texture of the soil (Russell and Apple-

yard, 1915-1916). There seem to be two atmospheres of the soil. One

is to be found in the spaces between the soil particles. It is largely in the

upper six inches of the soil and is much like that of the atmospheric

air. The composition of this air fluctuates seasonally and daily. Its

approach to the conditions of the atmospheric air depends upon the

freedom with which the gases can diffuse to the outer atmosphere.

It is usually lower in oxygen content than the atmospheric air.

Deeper in the soil the gases are dissolved in the surface film of the

Table XXIV.

—

Relation between Moisture Content and Relative Humidity

of the Soil Air in Chernozem (Black Soil of Russia), Podsol (Light

Soil with Humus Covering), and Sand 1

Chernozem Podsol Sand

Max. hygroscopicity,

7 . 35 per cent

Max. hygroscopicity,

3. 18 per cent

Max. hygroscopicity,

0.41 per cent

Moisture

content,

per cent

Relative

humidity of

the soil air,

per cent

Moisture

content,

per cent

Relative

humidity of

the soil air,

per cent

Moisture

content,

per cent

Relative

humidity of

the soil air,

per cent

15.27

11.44

8.07

7.10

5.62

4.43

100

100

100

94

68

49

12.51

8.45

5.13

3.32

3.07

2.16

100

100

100

100

95

73

8.15

5.79

2.21

1.34

0.62

0.32

100

100

100

100

100

69

1 Lebedeff, 1927.

Table XXV.

—

Moisture, Relative Humidity of the Soil Air and Temperature
of an Odessa Chernozem (Black Soil) with a Maximum Hygroscopicity

of 5.62 Per Cent 1

Soil moisture,

5 . 34 per cent

Soil moisture,

3.99 per cent

Soil moisture,

2 . 43 per cent

Tempera-

ture, °C.

Relative

humidity,

per cent

Tempera-
ture, °C.

Relative

humidity,

per cent

Tempera-
ture, °C.

Relative

humidity,

per cent

10

17

45

70

94

95

99

99

17

35

50

60

81

86

92

98

10

21

45

60

39

41

51

57

1 Lebedeff, 1927.
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water and the colloids on the soil particles. This is essentially an anae-

robic condition with very little oxygen present.

Lebedeff (1928) concluded that the relative humidity of soil air is

always at saturation (100 per cent), if the soil contains moisture in an

amount greater than the maximum hygroscopicity. If the moisture

content is below the maximum, then the drier the soil is, the less is the

relative humidity of its air. When the moisture content of the soil

remains constant, the relative humidity of the air increases with an

increase in the temperature of the soil and vice versa. He substantiates

these conclusions with Tables XXIV and XXV on page 365.

It is easy to understand that when the moisture has passed the point

of maximum hygroscopicity, it is available for evaporation ; and therefore

the air should saturate itself. When there is less than this amount of

water present, evaporation of hygroscopic water becomes a factor, and

this takes place most rapidly at high temperatures.

The Neutrality of the Soil.—The condition of our knowledge of the

importance of the pH values in soil in the ecology of animals is much like

that for the aquatic habitats. Judgment will have to be reserved until

further investigations have been made. Arrhenius (1921) stated that

earthworms were found only in soil in which the pH values ranged

between 6 and 7, but Phillips (1923) found certain of them at pH5, and

Wherry (1924) found Helodrilus lonnebergi living in peat at pH 4.7 to 5.1.

It seems, therefore, that it is too soon to draw conclusions as to the

restriction of the distribution of animals by a factor which may be the

result of so many conditions in the soil.

The Chemical Constituents of the Soil.—It has already been stated

that the soil is about as complicated as protoplasm itself; consequently

no pretense will be made at describing its constitution. Emerson (1930)

states that only eight elements are ordinarily present in an amount

exceeding one per cent of the earth's crust, and these eight constitute

98.63 per cent of the entire crust. They are oxygen 46.43 per cent, silicon

27.77, aluminum 8.14, iron 5.12, calcium 3.63, sodium 2.85, potassium

2.60, and magnesium 2.09. Soils are so varied that it will be sufficient

to call attention to them as the greatest culture media in nature, media in

which the food cycles are forever revolving, and from which nearly all of

the essential elements of nutrition ultimately come, and to which they

ultimately return.

The Biotic Characteristics cf the Soil.—The soil is a general environ-

ment in that a great majority of any fauna spends a portion, at least, of

the life cycle in the soil. During the period of hibernation it is undoubt-

edly the most heavily populated stratum of all environments.

The microorganisms of the soil are of fundamental importance in

connection with the cycles of food materials in the environment. Soil

microbiology has developed to such an extent that a recent treatise on
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the subject by Waksman (1927) comprises 897 pages. This is an excellent

source book of information on the bacteria, algae, protozoa, flatworms,

nematodes, rotifers, annelids, Crustacea, arachnids, myriopods, and

insects. Indeed, much of soil science or pedology is concerned with the

organisms of the soil. Waksman (1916) has investigated both the bac-

teria and the protozoans and obtained quantitative results. The follow-

ing graph of the abundance of the bacteria and the table representing

the abundance of the protozoans give some idea of the enormous numbers

of individuals to be found (Fig. 119).

The forest is the only one of the environments included in this investi-

gation which may be considered to be a natural environment; for all of

the others have been subject to cultivation, although the meadow had

not been plowed for a period of six years. The distribution of the micro-
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(Waksman, 1916.)

organisms in the garden, in the first eight inches, is undoubtedly influenced

by the fact that it has been cultivated and fertilized. It is possible that

the condition in the forest suffers by the comparison with artificial

habitats.

Waksman (1927) makes the following ecological grouping of the

invertebrate soil fauna other than the protozoa:

1. Those that spend all their life in the soil, coming to the surface only

occasionally or not at all. These include various worms and rotifers.

2. Those that spend only a part of their life cycle in the soil or on its surface,

as in the case of various insects.

3. Those that find only their habitat in the soil, while they may spend a large

part of their time on the surface of the soil. These include ants, termites, and

many insects.

This author, Waksman (1927), then presents a tabulation of the direct

and indirect effect which these organisms have on various soil processes

and on plant growth, as follows:
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1. They cause a change in the physical condition of the soil, by modifying the

mechanical structure of the soil, through their continued motion or by passing

the soil through their bodies as in the case of earthworms.

2. They cause various chemical changes in soil, either directly, in their

digestive processes, or indirectly, by influencing the activities of the soil fungi

and bacteria.

3. They bring about a more uniform distribution of various soil bacteria and

other organisms.

4. They may devour other members of the soil flora and fauna, like algae,

fungi, and protozoa. In this way, the higher fauna also contributes to the

complex system of numerous activities going on in the soil.

5. Damage may be done to crops by certain representatives of these groups,

particularly by some of the nematodes, earthworms, insects, etc.

Certain of these animals are often present in such numbers as to be a

predominant factor in plant growth. The nematodes are among the most

abundant as individuals. Most of the animals are found within the

upper 10 cm. of soil. Waksman (1927) gives the minimum number of

nematodes per acre in the upper six inches of soil in certain sections of

the United States as from approximately 100,000,000 to over 600,000,000.

Many generalized insects and apodiform larvae are to be found in

the soil where food is abundant, moisture relatively constant, and where

temperature fluctuations may be avoided by short vertical migrations.

Some of the species undergo annual migration to a point below the frost

line, while others go only low enough to avoid the greatest extremes of

temperature.

In the tropical regions, the soil may become so hot as to kill all forms

which do not migrate to a considerable distance below the surface. On
the sand dunes the surface itself may become unendurable for even the

characteristic fauna during the hottest part of the day, as will be shown

in connection with the data on the sand dunes.

The results of McAtee (1907), in a study of the insect fauna on the

surface, seemed to indicate that there were fewer in the forest than on

the prairie. Cameron (1913) published a rather extended table of species

of soil insects, indicating the type of soil and the depth at which each

was found. Of the 156 species found, 53 are listed as having been found

in decaying animal or vegetable refuse.

There is an urgent need for convenient and accurate methods for

quantitative population studies of soil populations. Waksman (1927)

gives a general account of the common methods used in the study of

microorganisms. Morris (1922a and b) describes methods used in the

Rothamsted experiments, which are now being used, with certain modi-

fications, by Kenneth King at Saskatoon, Canada; and are also in use at

the University of Minnesota. Morris took his sample with the aid of

four iron plates which were driven into the ground to enclose a square

area of soil nine inches on a side. One of the plates was but four inches
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long, while the others were 12 inches long. After the plates were driven

into the ground, the earth was removed along the outside of the four-

inch plate. The plate could then be taken out and the soil from the

enclosure removed by layers down to the four-inch level. The small

plate could then be put back in place and the process repeated for the

lower levels.

King (unpublished) and others have placed a closed killing chamber

over the area, before taking the sample, in order to kill all active organ-

isms to prevent them from escaping or migrating about in the sample.

A section of sharpened pipe may be driven into the soil to remove a

Soil-washing apparatus.

cylinder of soil. The sample may then be forced out of the pipe and
separated as to the different levels.

A convenient sample washer and separator was devised by Morris
(1922b) which greatly reduces the routine work of evaluating a sample.

It consists of a frame holding three sieves of graded openings, the top
sieve having the largest openings, and the bottom one, the smallest. The
size of the openings depends upon the type of soil and fauna. Morris
used 3.5 mm. openings in the top sieve, 1.5 mm. for the second, and a
screen of 50 meshes to the inch for the bottom sieve. Sufficient water
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pressure can be used through a nozzle which sprays on the sample in the

top sieve to accomplish the separation with relatively little additional

agitation (Fig. 120).

The number and size of sample must be adjusted to suit the number
and size of the organisms to be studied. A large number of small

samples permits of a better random sample and a fuller appreciation of

the uniformity of distribution of the fauna.

Cameron (1913), McColloch (1923), and others have found that the

majority of the soil insects are normally to be found within the first

a = Unmanured
b = Ammonium salts
c= Superphosphate
d= Dung
e- Dung, Superphosphate

ana Potash
f - Dung and

Ammonium salts

abode
All Insecta

a b c d e f

Collembola

11
d e fa b c

"Myriapoda
a b c d e f

Oligochaeta(Terricolae)

Fig. 121.- -Number of individuals in the more important arthropod groups in the various
plots at Rothamsted. {Morris, 1927.)

four inches below the surface during the period of activit}^. This cor-

responds very well with the distribution of the microorganisms.

It is too soon to draw generalizations with regard to the quantities

of insect life in the various soils and during the various times of the year.

It is interesting to note that Morris (1927) found an average of 673,000

insects per acre in the unmanured control plot which he studied. Among
the more important groups were: Collembola, 379,000; and Coleoptera,

163,000. Thompson (1924) gives data which represent the equivalent of

4,500,000 insects per acre of which 94 per cent were Collembola. Data

from field studies in Minnesota indicate about two million insects per

acre. The study made by Morris (1927) was primarily for the purpose

of determining the effect of various fertilization practices upon the

insect fauna. His data are presented diagrammatically in Fig. 121. In a

previous paper, Morris (1922) states that although 198,653 and 164,983
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Elateridae larvae per acre occurred in two plots, they did not produce any

appreciable effect on the crop.

The data on depth distribution are all more or less consistent. It is

well established that certain insect larvae migrate downwards in the fall,

Unman. Am.Salts Super Dung Dung,Super& Potash Dung &Am. Salts

Fig. 122.—Distribution in depth of the more important arthropod groups in the various

plots. (Morris, 1927.)

but during the active season all are confined near the surface of the soil.

The accompanying figure from Morris (1927) is one of the best illustra-

tions of the distributions of insects and other invertebrates in depth

(Fig. 122).

A further consideration of the soil organisms will be taken up under

each of the various associations.
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CHAPTER XIX

COMMUNITIES OF THE SAND DUNE

The sand dune represents an early stage in plant succession and a

simple environment in that there is little added to the soil stratum. It

is, however, a severe environment and the organisms living in it are highly

specialized. As an environment, the sand dune has been studied much
more by botanists than by zoologists. The various insects which com-
prise the fauna have been studied individually, but the community has

One Day

35Temp.Deg.C.
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20*--*--*--*
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July 18th to 23 rd

Fig. 123. -A comparison of the temperature and relative humidity at Wadi Digla, Egypt,
and on a Minnesota sand dune.

been neglected. Buxton's "Animal Life in Deserts" (1923) is probably

the best general description. From the viewpoint of animal ecology,

Kashkarov and Kurbatov (1930) give a good description of the Central

Kara-Kum Desert in West Turkestan. It is, however, primarily a study

of the vertebrate fauna.

The discussion of the ecology of the sand-dune environment is based

on a study of a Minnesota dune, as it furnishes concrete illustrations of

the actual conditions. The area is relatively restricted, being surrounded

373
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by cultivated fields. It is situated just north of Minneapolis, and is

characterized by blowouts and partially vegetated areas (Chapman,

Mickel, Parker et al, 1926).

The daily fluctuations of temperature and humidity during the

summer are comparable to those described by Buxton (1923) and Wil-

liams (1923) for the Egyptian deserts. The graph below (Fig. 123)

shows a comparison of the temperature and humidity records from the

Minnesota sand dune for July 18-23 ; and Gizeth, Egypt, for March 20 to

22, and August 4 to 10. The severity of the diurnal fluctuations, which

Buxton stresses as characteristic of deserts, is shown to be as marked in

Minnesota as in Egypt, at least on certain days. It will be noticed that

the relative humidity rose 75 per cent in seven hours in Minnesota, and

that the temperature dropped 19°C. the same evening. The relative

humidity was more consistently low in Egypt than in Minnesota. This

is not surprising when it is realized that the station in Egypt was six

miles from the nearest cultivated land, while the dune in Minnesota is

surrounded by cultivated fields and a lake.

The conditions on the surface of the sand were much more extreme

than those in the instrument shelter. A change of 23°C. in three hours

was recorded on the surface of the sand, July 24. A difference of 14°C.

was found between the temperature in the shade and in the sun at a

distance of four feet on July 12. Buxton (1923) states that Prezharalsky

has said that the surface of the sand may become as cold as — 26.5°C.

during the winter in the Gobi Desert. He also says that the highest

readings taken so far are 84°C. on the Loango coast and 78°C. on the sand

dunes of the Sahara. Sinclair (1922) recorded 71.5°C. as the highest

soil surface temperature observed by him in Arizona.

Kashkarov and Kurbatov (1930) state that the members of their

expedition observed frost in the Kara-Kum Desert on May 2. They also

give a record of the temperature of the soil surface at 3 :30 p.m. on May
1 of 45°C. They do not state whether the frost occurred in the same area

as the high temperature of the preceding day; but it illustrates the gener-

alization that desert environments are characterized by extreme changes

of temperature.

The annual fluctuation of the sand temperature for Minnesota

can only be estimated, as no winter-temperature records have been made.

The lowest winter temperature recorded by the U. S. Weather Bureau

station in St. Paul, just south of the dune, is — 41°F. or — 5°C. The
highest record obtained on the surface of the sand was 56°C. There

were, however, other days when the thermograph indicated a tempera-

ture much higher than on the day of this record, but unfortunately no

surface temperatures were taken on these days. Assuming that the ratio

of the thermograph record to the soil temperature is the same at high

temperatures as at the lower ones, we would find that the soil temperature
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on July 23 would have been 74°C. when the thermograph recorded 101°F.

This possible annual range of temperature from — 40°C. to 74°C. seems to

be comparable with some of the greatest extremes which have ever been

recorded for similar environments.

The evaporation averaged 394 c.c. per week during the summer, but

on July 7 and on several other occasions it was as great as 5 c.c. per hour

during the middle of the day.

The following table shows representative readings and illustrates

the temperature gradient above and below the surface of the sand.

It will be noticed that there may be a drop of 10°C. within an inch above

or below the sand surface when the temperature is high. Also, there may
be a drop as great as 20°C. within six inches above the surface.

Distance, inches

Temperatures, °C.

Raining Clear ! Clear Clear

24 above surface

12 above surface

6 above surface

.

3 above surface

.

1 above surface

.

Sand surface. . . .

1 below surface.

2 below surface

.

6 below surface.

12 below surface

16 25 31

18 27 31

18 31

19 32 34

19 43 41

22 51 47

23 42 40

23 40 38

23 38 38

22 39 38

31

31

33

40

50

45

43

40

40

The table below illustrates the changes of temperature on the morning

of July 24. In this case the sand warmed perceptibly even to a depth of

12 inches from the time that the sun first shone on it.

Distance, inches

Morning temperatures soil and air

5:50

a.m.

6:15

a.m.

6:45

a.m.

i

7:30 8:15 8:45

a.m. a.m. a.m.

24 above surface

12 above surface

6 above surface.

3 above surface.

1 above surface

.

Sand surface. . . .

1 below surface.

2 below surface

.

6 below surface

.

12 below surface

23 23 24

24 24 24

24 24 24

23 24 24

18 19 20

16 18 22

16 18 22

16 18 23

16 17 23

16 18 23

24

24

24

24

23

25

25

24

24

24

23

24

24

24

25

30

28

27

26

27

23

24

24

24

25

25

28

28

26

26

9:15

a.m.

23

24

24

24

27

37

31

30

28

27



376 ANIMAL ECOLOGY

The wind velocity, like all other physical factors on the sand dune,

is subject to great variation. Not only does the velocity become very
high at times, but the sand which it drives for hundreds of feet pro-

duces a severe cutting action. No other environment is subject to such

changes in such short periods of time.

The Effect of the Physical Conditions of the Environment on the

Insect Fauna.—In observing the diurnal activity of the insects, it was
noticed that the population on the sand at night was entirely different

from that of the daytime and that the shift from night to day seemed to

be correlated with the change of temperature in the morning. Con-
sequently observations were carried on beginning before daybreak

and continuing until after the conditions of the day were established.

The table gives a record of the time, temperature, and activities of the

various more common insects for the mornings of July 24 and Aug. 2.

The night of July 23 was much warmer than that of Aug. 1 ; consequently

all of the events took place earlier on the first day.

Activities of Insects—Morning of July 24, 1923

Air Sand
Time,

a.m.

tempera-

ture,

C.

tempera-

ture,

°C.

Insect Activity

5:15 17 Geopinus Many digging in.

5:15 17 Psammachares Crawling, unable to fly.

5:45 23 17 Dasymutilla One male seen on sand.

6:00 24 17 Cicindela One seen on sand.

6:15 24 18 Geopinus Last one seen.

6:15 24 18 Microbembex First one seen.

6:30 24 19 Bembix First one seen.

Activities of Insects—Morning of Aug. 2, 1923

Air Sand

Time,

a.m.

tempera-

ture,

°C.

tempera-

ture,

°C.

Insects Activity

5:20 10.0 11 Geopinus Geopinus finished digging in,

only one seen on sand.

5:55 10.6 Psammachares Crawling about on sand.

6:00 11.1 Pompilid Crawling about on sand.

6:15 12.0 14 M. femur-rubrum On grass active, inactive on sand.

6:35 13.3 Pompilid Flying.

6:40 13.5 Spharagemon Spharagemon start moving about.

6:55 15.0 Dasymutilla Come out of a hole.

7:12 16.0 19 Spharagemon Flying.

7:20 16.5 Dasymutilla Flying about (mole).

7:45 18.5 23 Microbemhex One seen.

9:00 23.0 31 Usual day fauna Normal activities.

i
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On July 24, all of the temperature readings were made at one station

;

while the observations on the activity of the insects were made at various

places on the dune. As a result the temperatures to which the insects

were exposed, may have been quite different from those recorded by the

thermocouples. On Aug. 2 temperatures were read from mercurial

thermometers at points as near the insects as possible. The long shadows

cast by the horizontal rays of the rising sun create great differences of

temperature and make it difficult to know just what temperature a

given insect has been subjected to.

Before the break of day the dune was dominated by Geopinus which

was as noticeable everywhere as the bembicids are during the day. At

about the time that the sun came up, the beetles all ceased other activities

and began to dig down into the sand. This happened everywhere on the

dune at the same time. It suggests that the changes in temperature,

relative humidity, and light, which are marked at this time of day, may
be important in bringing about this change in activity.

On cool days the fauna of the night tended to remain on the sand

throughout the day. July 26 was a cool day with a drizzling rain at

times. At 3 :10 p.m. the air temperature was 18° and the sand surface 22°.

Geopinus was found on the sand at this time feeding in places where it

was sheltered from the rain. The bembicids were not out; and Sphex

was clinging to the bunch grass with its mandibles as it does during the

night. August 7 the temperature was about 15.5° at 11:30 a.m. with a

light rain falling. No Geopinus was seen, but Sphex was clinging to

the grass and a few Spharagemon were moving slowly about the sand.

No bembicids or mutillids were observed.

In the normal course of the day the insects leave the surface of the

sand when its temperature nears 50°C. Some climb grasses and some

enter their burrows while others fly about some distance above the sand,

making hurried landings to enter their burrows. The female mutillids

were consistently the last to retreat when the temperature rose, and the

first to return to the open sand when the temperatures again lowered.

These observations tend to show that temperature may play an important

part in controlling the diurnal activities of the sand-dune fauna. There

is, however, no evidence with regard to the importance of light other than

the observation that on certain cloudy days the insects were behaving

much as they would at night.

The reactions of the insects to changes of temperature on the sand

were studied by confining them within a moat which surrounded a square

meter of sand. The moat was a galvanized iron trough which was kept

filled with water. All insects which did not fly were simply released

within this area. The temperature of the sand was read at intervals,

and the reactions of the insects were observed. This type of experiment

was not the most successful because the temperature fluctuations were
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often unexpected and always uncontrollable, especially when there were

clouds in the sky.

Temperature Experiments on Sand

Start Finish

Insect

Time
Tempera-
ture, °c.

Time
Tempera-
ture, °C.

Observations

Gryllus

Gryllus

Bembix

Dasymutilla

Microbemhex larva . .

Tetraopes

Oecanthus

Anosia larva

1:15

3:30

11:40

11:40

10:45

11:50

2:45

10:45

56

49

49

49

48

50

50

47

1:16

3:31

12:10

12:10

11:45

11:55

3:50

11:25

56

49

50

48

All dead (13 specimens)

All dead (10 spec.)

All dead (3 spec.)

Living (2 spec.)

Dead (1 spec.)

All dead (3 spec.)

All dead (2 spec.)

Dead (1 spec.)

The table above indicates the results of these observations. The

female mutillids were the only insects which withstood the highest

temperature. Since these insects cannot fly, their only escape is to

climb a plant, seek shade, or enter a burrow, and this they do when the

sand temperatures approach 50°C. Great difficulty was experienced in

keeping them exposed to the sun, for they began to dig into the sand

whenever the temperature neared 50°C. This tendency to dig or crawl

under the edge of the moat, together with their great resistance to tem-

perature, made it impossible to kill them by exposure on the surface of

the sand.

On the other hand, insects which do not normally live on the dune

were found to be unable to withstand the high temperatures. The

crickets, Gryllus assimilis Fab., for instance, died very quickly. The

dune grasshopper, Spharagemon aequale Say, would rise up on its feet,

thus lifting its body off the hot sand when the temperature reached 50°C,

but the crickets made no attempt to protect themselves in this way.

They remained in contact with the hot sand and died.

It was necessary to clip the wings of the bembicids in order to confine

them on the sand, for they attempted to fly when the temperature rose.

Although typical of the sand dune, the bembicids could not survive even

the moderately high temperatures when thus confined on the surface of

the sand. Control experiments were carried on with insects, with their

wings clipped, and confined in the shade. These insects always survived

the experiments. This result with regard to the inability of the bembicid

wasps to withstand the temperatures of the sand was rather surprising,

and will be returned to later in the discussion.
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Insects which do not normally live on the dunes seem to lack the

proper endurance and reactions to avoid the high temperatures. They

may engage in frantic random movements as the crickets do, but these

efforts do not aid them in escaping the extreme temperature on the open

sand. The success of the insects which normally inhabit the dune seems

to lie in their ability either to endure or escape the extremely high

temperatures.

Neither the observations on the diurnal activities of the insects, nor

the experiments with the moat on the open sand yielded results which

were satisfactory for comparing the various insects and measuring the

differences in their temperature responses.

In order to have uniform conditions with a gradual rise of temperature

and constant light, a comparative test of the temperature reactions of

about a dozen species of the sand-dune insects was made in a carrier

cabinet in the laboratory. For this purpose from three to a dozen indi-

viduals of each species were obtained and confined in glass tubes one and

one-half inches in diameter, eight inches in length, and covered with

cheesecloth at each end. The tubes were placed on racks so situated

that the air could circulate through them. The authors stationed them-

selves where each could observe a certain number of species. The
reactions of all species could thus be recorded as the temperature changed.

The temperature was first lowered to 0°C, at which point all of the

insects were inactive. The temperature was then slowly raised so

that the curve, measured by temperature and time, was a straight line

over 56°C. and 160 minutes of time. The following figure shows this

curve, repeated in a parallel series to facilitate a comparison of all of the

more common species (Fig. 124).

As the temperature rose, records were made to indicate various

activities. Point 1 indicates the first movement which was noticed.

This was usually a slight movement of a leg or an antenna. Point 2

represents the point at which the first individual of a species stood

up on its feet. Point 3 is the point at which the first crawling was

observed. Point 4 is very definite, as it represents the point at which

all of the individuals were crawling. At point 5 activities were normal,

as nearly as could be judged. When point 6 was reached, there was the

first evidence of paralysis in some part of an individual. At 7, one of the

individuals of each species fell over and was unable to stand. At 8,

all of the individuals of each species were unable to stand.

For the purpose of comparison, the cricket, Gryllus assimilis Fab.,

was included, though it does not belong to the sand-dune association.

In the preceding figure the insects are arranged in an order determined

by the temperature, at which point 4 is located. This point was chosen

as a basis for the comparison because it represents activity on the part

of all the individuals of a species and also because it was determinable
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with more precision than that of normal activity. Geopinus incrassatus

Dejean, with the lowest point 4, is at the left in the upper row, and

Microbembex monodonta Say, with the highest point 4, is at the right in the

lower row.

The most significant fact brought out by this comparison is that

the sand-dune insects are not all alike in their temperature adjustments.

In general the insects which live on the dunes during the heat of the day

have their minimum and maximum effective temperatures located at

higher points on the scale than the others do. Geopinus, which is active

on the dune at night, has the lowest minimum effective temperature of all.

On the other hand, both Bembix and Microbembex, which are character-

istic of the day fauna, have high minimum effective temperatures and

o 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 310 340

Time, in Minutes—

*

Fig. 124.—Graph showing the results of exposing certain insects from the sand dune and
other environments to a rising temperature. All insects were inactive at the start. Tem-
perature in degrees Centigrade at the left, time in minutes at the bottom. In reading the

time for any activity, deduct the number of minutes at the lower end of the line for a given

insect, e.g., first movement (1) for Grylus is 160 — 120 = 40 min. {Chapman, Mickel et al.,

1926.)

low maximum effective temperatures, leaving but a narrow range of

activity.

Another rather noticeable characteristic of some of the sand-dune

insects is the small difference between the effective temperatures and

those of normal activity. In the case of Chlorion, for example, a change

of 2°C. brought it from dormancy to normal activity. Similarly, at the

upper limit of the scale it passed from normal activity to heat rigor very

quickly.
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The difference between the location of the points on the curves

does not give a true idea of the comparative differences between the

various insects, although the curves do represent the actual course

of events during the experiments. This is because changes of both time

and temperature are involved. In comparing Geopinus with Melanoplus,

which is a grasshopper found at the edge of the dune, point 4 is but 3°

higher in the case of Melanoplus than for Geopinus, but there is also

10 minutes' difference in the time.

The maximum temperature, as represented by point 8 is also included

in the following table, together with the range of effective temperature.

There seems to be no correlation between point 4 and point 8. The bem-

bicids have the lowest point 8 and may be compared with Nothopus,

a carabid beetle, found principally at night and on cloudy days, and with

Cicindela lepida, a small pale tiger beetle, which is active on hot days.

This comparison emphasizes the narrowness of the temperature zone

within which the activities of the bembicids are confined while living in an

environment which is characterized by its extremes of temperature.

Point 4

°C.

Point 8

°C.

Zone of

effective

temp., °C, 8-4

Geopinus incrassatus Dejean

Melanoplus femur-rubrum DeG . . .

Psammacheres sp

Sphex argentatus Hart

Spharagemon aequale Say
Cicindela formosa generosa Degean
Cicindela lepida Degean
Nothopus grossus Say

Dasymutilla bioculota Cresson o" • •

Dasymutilla bioculota Cresson 9 .

Chlorion cyaneus aerarius Patten .

.

Gryllus assimilis Fab
Bembix pruinosa Fab
Microbembex monodonta Say

7.0 46.0

10.0 53.0

13.5 50.0

15.5 51.5

16.0 55.0

18.0 54.0

18.0 48.0

18.0 49.0

18.0 53.0

20.0 55.0

21.0 51.5

21.0 49.0

25.0 44.0

30.0 49.0

39.0

43.0

36.5

36.0

39.0

36.0

30.0

31.0

35.0

35.0

30.5

28.0

19.0

19.0

By subtracting the value for point 4 from that for point 8 we got a

measure for the zone of activity. For Bembix this value of the zone of

activity is 19, and for Microbembex it is also 19, as compared with 39

for Geopinus, 39 for Spharagemon, 36 for Cicindela formosa, and 35 for

Dasymutilla. Thus the bembicids' zone of activity as measured by these

values is little over half that of the other insects.

Williams (1923) has called attention to the fact that great variations

of temperature are to be found in time and space in Egypt. Extremes
of temperature may be found in a given location during a period of time,
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and, at any given time a variety of temperatures may be found in closely

adjacent places. Possibly no other environment offers such extremes.

The same conditions have been found to obtain on the little sand dunes in

Minnesota. The variation of temperature with time is illustrated by the

graph (Fig. 133), which gives the temperature extremes during the day.

Possible annual extremes have been shown to be —40.56° and 74°C.

The variations of temperature with vertical space are illustrated in the

tables on that factor, showing that there may be a difference of 20° from

the surface of the soil to six inches above it. The variation of tempera-

ture in shaded and exposed places in close horizontal proximity has been

referred to and data given to show that this difference has been found to

be as great as 14°C. High temperature and low humidity are often con-

sidered as the outstanding characteristics of dunes and deserts, but it

is more likely that extreme variation of these factors is the more impor-

tant characteristic.

Fig. 125.—Holes in the sand leading to the nests of Bembix.

The data on the temperature zones of activity of the insect fauna

of the dunes show that these insects are not similar in their adjustment

to temperature. Since there are such variations of temperature in the

dune environment, the insects adjust themselves to time and place.

Geopinus, for instance, is active on the sand surface by night and retires

to a depth of a foot or more below the sand surface by day.

The bembicids are limited to narrow temperature zones of activity.

On the sand dune, with the great variations of temperature to be found

in time and space, they have the opportunity to suit themselves, by exer-

cising a choice better, perhaps, than in a more constant environment,

unless that environment was constant within their narrow zone of

activity. Constancy either above or below this narrow zone would

be prohibitive.
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The larvae of the bembicids are reared in burrows below the surface of

the sand where temperature conditions are relatively constant. The

adults fly about in the air searching for insects with which to provision

their nests; and while so doing, they may select widely different tempera-

tures by changing their altitude but a few inches (Fig. 125).

In the digging of their burrows their narrow temperature zones limit

their activities. So long as they live on the dune their choice of the place

for starting their burrows is limited to the surface of the sand, and this

is the hottest place. In a medium which shifts with the wind, as the sand

does, these burrows must be dug and re-dug many times with the result

that digging constitutes no small part of their activity. Returning to

the first table on temperature it will be recalled that the extremely high

point is just at the surface of the sand and that at short distance either

above or below, the temperature may vary as much as 20°C.

Observations have been shown that the penetration of this hot-sur-

face layer is accomplished by a juggling of time and space during which

the wasps alternately dig furiously at the surface for a short period of time

and fly about six to 12 inches above the surface of the sand. As the bur^

row deepens, these flights become less frequent until the wasps are well

within the uniformly lower temperature of the deeper sand.

At a time when wasps with their wings clipped were dying on the

sand surface within the area where experiments were being carried on,

others were alternately digging and flying even within the same area.

At times the bembicids swooped down on our experiment and stole the

insects which had just died at temperatures considerably above those

which the bembicids themselves could endure if confined on the surface of

the sand.

This habit of leaving the surface of the sand at frequent intervals was

interpreted by the Peckhams to be for the purpose of watching for

enemies. However, the present explanation seems to have more basis,

for when the wasps were experimentally confined to the hot surface of the

sand they died, while others which were confined to the sand surface in a

shaded place survived.

Thus, while the bembicids with their narrow temperature zones

of activity may not seem to be well adapted to the sand dunes, the

dunes seem to be a suitable place for them to live in. The dunes furnish

a substratum in which burrows may be dug easily, and they present a

range of temperature from which they can choose their optimum.

The mutillids which parasitize the larvae of the bembicids are limited

in their choice of space by the lack of wings in the females. Being unable

to leave the surface of the sand except by entering burrows or climbing

the sparse vegetation, their success on the dune seems to be due to the

high temperature which they can endure. Thus their limitation in space

seems to be compensated by their increased endurance of high

temperature.



384 ANIMAL ECOLOGY

It is interesting to consider the fact that, while the bembicids must
juggle time and space in order to accommodate their narrow temperature

zones of activity to the conditions on the sand dunes, they are the key to

certain consocies which involve a considerable part of the fauna including

some of the mutillids. Microbembex provisions its nest with the bodies of

dead insects which it finds upon the sand, while Bembix provisions its

nest with blowflies. The second member of the consocies dependent on

the bembicids is Dasymutilla bioculata Cresson. The third member is a

species of bombyliid fly. The evidence seems to indicate that this species

is parasitic upon Dasymutilla bioculata, although this is not certain.

The fourth member of the consocies is a species of Conopidae. Little

is known regarding this fly other than that it is evidently a parasite of

Bembix pruinosa.

Many other consocies exist in the sand-dune association, but their

elements are not nearly so well known as those of the bembicids. Sphex

argentata is undoubtedly a key species to one of these consocies, of which

one of the elements is very likely another species of mutillid. The basis

of a third consocies is the various species of spiders, and one of the impor-

tant elements is the psammocharid wasps which use the spiders in provi-

sioning their nests. It is very likely that the various species of cicindelids

(Shelford, 1908), Geopinus and certain species of Hymenoptera are the

basic or key species to several other consocies.
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CHAPTER XX

COMMUNITIES OF THE GRASS OR HERB STRATUM

The structure of the herb stratum itself is biotic and consequently it

offers great possibilities for specialized biotic relationships with the

fauna. The food relationships extend from the generalized habits of

certain Orthoptera which may feed on nearly all species to the specific

feeders which are restricted to a single species of host plant. Among the

monophytophagous forms there are leaf miners, stem borers, gall-forming

insects and many others.

The majority of the studies which have been made have been of the

nature of observation with regard to their natural history. For this rea-

son they will not be considered at this time.

Grassland Associations.—Shelford (1913) presented a good descrip-

tion of the grassland associations of various types for the region of

Chicago. Vestal (1913) made a more detailed study of some of the Illinois

prairies. His paper (1913) may be referred to for lists of species and

groups which he considers ecological units. His ecological groups are

largely based upon the food habits of the organisms.

Morse (1904) classified the grasshopper associations on much the same

basis as had been used by botanists for the plant communities. Shull

(1911) concluded that such a scheme was hot applicable to the conditions

which he studied. He found that the distribution of species was not as

limited as Morse had indicated. Local conditions were found to be of

great importance in many cases. This was also found by Parker (1930).

It would seem that definite progress might be made in this field by
using definite experimental methods to analyze the physical conditions

as illustrated for the sand dunes. For the study of the associations of

organisms under the general conditions of grassland associations a statis-

tical method similar to that proposed by Arrhenius (1922) for the study

of prairie or grassland communities might be used.

The addition of a stratum of low vegetation above the soil stratum

introduces a biotic factor which alters the physical environment. Solar

radiation is interfered with by the vegetation, the action of the wind is

impeded, evaporation is consequently reduced, and the roots tend to alter

the soil.

No attempt will be made to give a general description of the prairie

regions of the world or to classify them on the basis of topography or

plant and animal communities. Such regions are usually semi-arid and
385
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have had their successional development arrested so that the grassland

represents a sort of climatic climax or sub-climax association. On the

map illustrating the biotic areas of North America (page 225) these areas

are included in the savanna and steppe areas.

Detailed studies of the " micro-climate " of the grasslands are lacking.

Vestal (1913) says that the physical factors of the environment are of the

greatest importance, but he gives only a few data showing that the rate

of evaporation among the bunch grass may be as great as or greater than

on the open sand. Unpublished data of students at the University of

Minnesota show that the temperature of the soil surface in exposed areas

may be as high as or even higher than on the exposed sand. This is no

doubt partly due to the reduced wind and consequent reduced heat

radiation from the soil. There may be a difference of 40°C. within a few

centimeters on the soil surface between exposed and shaded areas. The
wind may be reduced from 850 feet per minute at five feet above the

ground to 150 feet per minute four inches from the ground, due to resist-

ance offered by the vegetation.

Shackleford (1929) studied the animal communities of the "high

prairie*' and "low prairie" of Illinois. This was a quantitative study

of areas along a railroad right-of-way which may not have been typical

of a primitive prairie environment. General data were obtained with

reference to the seasonal climate, but little attention was given to the

details of local environment.

Shackleford (1929) states that the high and low prairies are dis-

tinctly different as to physical and biotic conditions. This difference is

based mainly on ground water, and during dry periods he found certain

of the organisms from the high prairie migrating into the low prairie.

Quantitative data were obtained by taking 50 sweeps with an insect

net. The population was classified on the basis of activity, seasonal

abundance, and probable influence. The species which were abundant

and active throughout the growing period were called predominant, and

those which were abundant and active for a lesser period were called

seasonals. On the basis of seasonal abundance "biotic seasons" were

recognized which were said to be characterized by the activity of biotic

groups which were called "prevernal," "vernal," "aestival" and "hiemal."

The designation of "influent" and "subinfluent" was an attempt to

evaluate the influence which the different species might have on the

community as a whole. It combines size and numbers in the criteria

of influence. For example, more individuals were found of the hemip-

teron, Triphleps insidiosus Say, than of the grasshopper, Melanoplus

femur-rubrum DeG, but the large size of the grasshopper caused it to

be placed above the hemipteron in the list of influent species.

It is Shackleford's conclusion that there are two distinct communities,

one on the high prairie, and one on the low prairie. These are designated



COMMUNITIES OF THE GRASS OR HERB STRATUM 387

as Cambarus-Eucrangonyx on the low prairie, and Lygus-Formica-Microtus

on the high prairie. The high-prairie community is more homogeneous

than that of the low prairie. Animals must be capable of remain-

ing alive under a wider range of conditions to be predominant in the
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Fig. 126.—Graph showing the total number of individuals per square meter, herb
stratum, for each of the nine prairie stations during the seasons when an herb stratum
was present, 1926. (Shackleford, 1929.)

low prairie as compared with the high prairie. Figure 126 gives a general

idea of the numbers and seasonal distribution of the prairie fauna per

square meter. The general seasonal fluctuations are quite similar in all

three prairie types.

It is difficult to present data as to species in a fauna. Shackleford

gives a tabulation of the high-prairie fauna. Long lists of species are

difficult to evaluate even when we resort to the statistical methods of
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Arrhenius (1922). The statistical methods are designed to show when
the occurrence of species together is constant enough to indicate an
association between them.

The judgment as to the significance of numbers of species and the

inter-relationships can be of value only when it rests upon a thorough

knowledge of the species. Carter has unpublished data to show that a

species which was present in minimum numbers suddenly increased upon

the invasion of the community by a new plant. Its response was so

quick that it defoliated the invading plant and thus returned the com-

munity to its former flora. Thus certain apparently insignificant species

may be playing a very significant role in standing guard against the

invasion of the community.
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CHAPTER XXI

COMMUNITIES OF THE SHRUB AND TREE STRATA

The superimposing of strata of shrubs and trees upon the herb and

soil strata increases the complexity of both the physical and biotic condi-

tions of the environment. Infinitely more possibilities of specialization

are presented. It is impossible to go into all of the details of the study

of forest insects (see Graham, 1929) or even to give an adequate summary
of the more important generalizations in the limited space available.

The Physical Conditions of Shrub and Tree Strata.—Light, tempera-

ture, relative humidity, and air movements are all modified by the

presence of trees. The various types of forests, dominated by different

species of trees, represent environments which are physically and biot-

ically different. We shall first review briefly some of the physical

characteristics.

The radiations from the sun are intercepted to a much greater extent

in the forest than on the prairie. The following graphs from Zon and

Graves (1911) show the comparative light intensities in the crowns of

trees and in the open. It is interesting to note how the light is reduced at

noon as compared with the forenoon and afternoon in the case of the

tree of heaven, Ailanthus glandulosa. This is undoubtedly due to the

large compound leaves which intercept the vertical rays but permit

the more horizontal ones to penetrate (Fig. 127).

In the following table compiled from various sources, the intensity

of the light in forests of various types of trees is compared with a standard.

Tree
Light, per cent

of standard
Tree

Light, per cent

of standard

Hazel 33

33

25

25

Poplar 15.6

Plum Pine 9.9

Elm-ash Black Oak 4(?)

Larch Basswood maple 2(?)

In the last two cases there may be some question as to whether the

data are strictly comparable to the others. However it is interesting to

note how the light decreases, beginning with the two shrubs and proceed-

ing to the climax forest, in essentially the same order as is presented in the

course of plant succession.

389
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Shirley (1929) says:

Measurements of the light intensity under forest canopies show it to be from
0.1 to 20 per cent of full daylight. Under ordinary continuous canopies the light

is usually reduced below 10 per cent of full light. Even in "sun flecks" the

intensity is seldom more than 20 per cent. The green leaves change the quality

of the light filtering through them to some extent by absorbing more energy

in the red and blue than in the green spectral regions. Since the canopy also

cuts out a higher percentage of yellow sunlight than the blue skylight, only the

red region is likely to be deficient.

The temperature of forests is modified by the interruption of the

sun's rays and the reduction of air currents. This results in less extreme

conditions than are found in open environments. Pearson (1914) pub-

lished results from the study of forests and "parks, " which are given in

the following table:

Temperature 5 feet above ground 8 feet above ground

Mean minimum in forest

Mean maximum in forest

6 . 4°F. higher than park

1 . 0°F. lower than park

2° higher than park

About the same

5 6 7

P.M.

Fig. 127.—Hourly light intensities within the crown of Ailanthus (horizontal arrange-

ment of leaves) and black locust Rovinia (vertical arrangement of leaves). {Adapted from
Zon and Graves, 1911.)

The heat of evaporation of all of the water which is evaporated from

a forest is also an important factor in reducing the temperature on .hot

days.

Larsen (1922) studied the physical conditions in an area from which

the forest had been cut as compared with the uncut forest and found

that the air in the forest was about 10°F. warmer than in the open at

night and about 10° cooler during the heat of the day.

Larsen (1922) also found that the soil temperature at the depth of

his readings varied 4 or 5°F. between the daily maxima and minima while

the soil of the forest showed less than 1° variation.

A study of a series of environments in the region of Minneapolis and

St. Paul showed that the basswood-maple climax forest represents a
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considerable modification of temperature as compared with the sand

dune. The climax forest was on the average 6.5° cooler during the middle

of the day and 1.5° warmer during the night than the sand dune. The
forest canopy intercepts the sun's rays during the day and prevents

the escape of the warm air during the night. When compared with the

tamarack bog and the oak forest, Fig. 128, it can be seen that the tempera-

ture conditions are less modified in the other types of forest.

All of the forest environments are very much alike in their air and

soil temperatures, and differ consistently from the sand-dune tempera-

66

P.M. A.M.

Mean Hourly Temperatures July I,Aug.l 1,19^9 Incl

Fig. 128.—Mean hourly temperatures of five environments, July 1 to August 11, 1929.

tures which are considerably higher in all cases. There are certain

limited areas between the trees of the young pine forest upon which the

sun shines for a long period each day and in which the soil temperature

rises even higher at times than that on the sand dunes. This is due to

the shelter from the wind offered by the young trees and applied only to

relatively limited areas. In general, the temperature conditions in the

various types of forests were very closely similar and very much like

those reported at the Weather Bureau stations. Measurements in one

day showed a variation of hardly more than 1°C. from the ground surface

to 25 feet in various parts of the interior of the tamarack bog. The
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greatest difference between the sand-dune and the forest environments is

at the surface of the soil which happens to be a very important stratum

in the sand-dune environment. The temperatures at various depths

down to 18 inches show a very consistent difference between the sand

dune and the other environments. The soil surface temperatures may
often be from 15 to 25°C. higher than the soil surface in the forests

(Fig. 129). Even at 5 a.m. when the temperatures in general are at

60
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Fig. 129.—Comparison of afternoon temperatures recorded simultaneously in five different

environments.

their minima the soil in the sand dunes is about 5°C. above the other

environments. A study of the table will show that there are not sufficient

data available to make distinctions between the soil temperatures of the

various types of forest. It seems at present that their soil surface tem-

peratures are about the same with the possible exception explained for

the young pine forest.

Evaporation is influenced by the reduced wind velocity, the reduced

light, and the reduced temperature. The following data seem to be

comparable and give a good idea of the relative rates of evaporation in

different forest communities.

Cottonwood = 35 c.c;

Pine = 17 c.c;
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Oak = 16 c.c;

Beech-maple = 13 c.c.

These are maximum rates of evaporation in a unit of time. Again the order of

decrease is essentially the order of development of the association in plant succession.

The relative humidity cannot be treated in the same way because of

the lack of comparable data. Readings have been made on the prairie

and in the forest on the same day and at the same time, in which the

results at times have shown a lower relative humidity in the forest than

on the prairie. Such data, however, lack substantiation by a large enough

series to make them significant.

There are many local conditions in so complicated an environment

which deserve consideration. The trunks of trees, the logs of fallen
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of trees when lying north and south. Temperatures were recorded throughout the day
for six places in each log. (Graham, 1920.)

trees, the foliage, and the plants of the under-strata all present specific

problems with regard to both the physical and biotic factors.

Graham (1920 and 1925) has made studies of the conditions in logs

which have shown that the variations of temperature, even within the

same log, may be greater than the differences found between widely

different types of environment. The following graph shows how, within

the same white pine log, the temperature on the top of the log may exceed

the maximum effective temperature of ordinary insects while that on the

lower side may be only moderate.

It was also found as shown that the temperature did not reach such

a high point in logs of other species which were lighter in color. The
temperatures could be changed by changing the position of the log with

respect to the angle of incidence of the sun's rays or by placing it in

various degrees of shade. In full sunlight the temperature of the sub-

cortical layer of a log might be as much as 29°C. above that of the air

(Fig. 130).

As might be expected, the fauna of the log was influenced by the

temperature conditions. The buprestid beetles were found most
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abundantly on the side which was exposed to the sun and the high

temperature. Certain insects required a longer period for the completion

of their life cycles on the lower portion of the log than on the upper

portion.

The Biotic Conditions of the Shrub and Forest Environments.—The
fauna of the forest is more varied than that of the prairie because the

environment offers a wider range of conditions. There is a portion

of the fauna in the soil, and a portion on the vegetation. The fauna of

the vegetation may be divided between the foliage and the tree trunks.

The insects on the foliage may be surface feeders, leaf rollers, leaf miners,

or gall formers. The insects of the tree trunk may be cambium dwellers,

cambium-wood dwellers, or heart-wood dwellers and bark dwellers.

In consideration of the insect fauna of the forest we are confronted

with the subject matter of forest entomology to which the student will

find volumes devoted. Graham (1929) treats the subject of forest

entomology from the ecological viewpoint. In this volume the student

will find references to manuals of the various taxonomic groups of forest

insects, as well as studies of the habits and life histories of the insects.

The fauna of the forest soil has been studied by Tragardh (1928),

who has given particular attention to the microarthropods. This author

took quantitative samples of material from the forest floor and placed it

in a funnel with different sizes of mesh. He did not use heat but per-

mitted the slow process of drying to stimulate the organisms to crawl out

of the material and fall into containers below the funnel.

From a comparative study of the microarthropods of the forest soil

in the Sorek mountains of Sweden, Tragardh concludes that the number

of species and of individuals is correlated with the amount of litter which

covers the ground. He says:

Above the tree region there are in the Lapland mountains three zones, one

above the other, called respectively birch zone, willow zone, and lichen zone. In

these zones the number of species of Orbotidae decreased from 19 to 15 and 8,

that of the Prostigmata from 15 to 7 and 8, but that of the Mesostigmata from 15

to 11 and 3. The herbaceous species, subsisting as they do on moss and lichen,

occur up to the greatest altitudes, whereas the carnivorous Mesostigmata decrease

very rapidly in numbers of species and specimens, the obvious reason for this

being that there is not food enough for them in the lichen region.

The fauna of microarthropods is also influenced by the soil and litter.

Tragardh states that the fauna becomes 70 times as rich when the ground

is covered with leaves as compared with that covered with moss. The

quantitative data are presented in the accompanying table.

Number of Microarthropods per Kilogram Dry Substance (Tragardh, 1928)

1. Dry more or less decayed birch leaves in the south of Sweden 5,000

2. Dry more or less decayed willow leaves in the north of Sweden 950

3. Dry spruce needles at the base of a spruce 13
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4. Dry pine needles and a little moss 80

5. Moss Hylocomium proliferum and H. parietinum under spruce boughs on

cutting 830

6. Hyloconium parietinum 17

The fauna of the tree trunk is discussed by Graham (1925 and 1929).

He concludes that a log is an ecological unit with a distinctly character-

istic and well-adapted fauna. The distribution of the insects in logs is

said to be regulated by many factors of which food, moisture, and temper-

ature appear on the average most important. The temperature of the

log, which is more or less independent of the air temperature, and varies

directly with the intensity of solar radiation, is a very important limiting

factor in logs. Logs lying in full shade have a low temperature and high-

moisture content but most species prefer to oviposit in the sun. Other

species which occur only on the lower side of logs in the sun occur on all

sides of logs in the shade.

The foliage-feeding insects which live between the upper and lower

epidermal layers of the leaves as leaf miners have been studied by Need-

ham, Frost, and Tothill (1928) in America, and by Hering (1926) in

Europe. In general, the leaf miners have shorter life cycles than the

surface feeders. They are highly specialized and are usually restricted

as to food plants.

The gall-forming species represent an interesting inter-relationship

between insects and plants. They are highly specialized both as to the

insect species and as to the gall formed. The latter, called zoocedidea

are so characteristic that they may be classified more or less independently

by the insect and the plant from which they arise. An impression of the

subject of insect galls may be gained from a consideration of a recent

monograph by Kinsey (1929), which contains 577 pages devoted to the

single genus, Cynips, of gall wasps. Felt (1918), Beutenmiller (1901),

and others also have published general information with regard to galls

and gall insects. The subject offers interesting possibilities in the analysis

of the ecological and physiological problems involved in the formation

of galls.

The foliage feeders consist of various groups of insects which differ

widely in habits. Some of them possess mandibulate mouth parts

with which they chew the entire leaf, while others have piercing mouth
parts which make it possible for them to suck the plant sap. Graham
(1929) gives general references to the literature on these insects.

FOREST ASSOCIATIONS

More will be gained for the present purpose from a consideration of

published work of a quantitative type than from a general discussion of

miscellaneous papers of a more general nature. Such papers present the

m
results of determinations from which one may draw his own conclusions

with regard to the conditions which exist in a forest.
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There is a correlation between the fauna and the stages of plant

succession as has been pointed out in the chapter on Succession. The
relative abundance of the various species of insects in environments
representing various stages of plant succession is shown in Fig. 131 from
Smith (1928). This gives a general impression of faunal change with
plant succession. The grasshopper and the red and tarnish-plant bug
seem to belong to the early stages of succession rather than to the forest.

While other species, such as the mirid bug, Dicyphus, the springtail, and
the spider, Mangora, are characteristically more abundant in the forest.

The Pine-dune Association.—This association is chosen to represent

Name of Species

Araneus arabescus Walck., Spider

Theridion frondeum Htz., Spider

Mangora gibberosa Htz., Spider

Fromica fusca argentata Whir., Ant

Lasius niger americanus Emery, Ant
Lygus pratensis oblineatus (Say), Mirid. .

Triphleps insidiosus Say, Anthocorid. . . .

Euscdis comma V. D., Fulgorid

Scalops sulcipes Say, Fulgorid

Dicyphus gracilentus Parsh., Mirid

Phyllotreta sinuata (Steph.), Flea-beetle

Chartocnema confinis Cr., Flea-beetle

Tarsotomus spinatus Bks., Mite
Melanoplus spp. nymphs, Grasshopper. . .

Tomocerus flavescens americanus Schott

Springtail

Serai Stages

fe

i

S 5 ^

^ i$ ^

1

1

Fig. 131.—A graphic representation of the ranges of abundant influent predominants
and seasonals through the serai stages leading to a red oak-maple climax. The width of the
line shows the relative numbers in each station on the basis of the total number secured at
the station during the whole year. Different scales are used for the various species.

(Smith, 1928.)

a forest association partly because it is an early stage in plant succession

and partly because there is available a paper based on quantitative work

(Sanders and Shelford, 1922). One would expect that this early stage

in the development of a forest would represent conditions more or less

intermediate between grassland and forest, or at least that the conditions

would be less characteristically those of the forest than those of the sub-

climax or climax stages. The chief tree studied at the stations was the

jack pine, Pinus banksianna.

The Physical Conditions in a Pine-dune Association.—Temperature

fluctuation increased from the ground to the tree strata as shown in the

following graph from Sanders and Shelford (1922). The ground tempera-

ture was considerably higher than the herb level and showed by far the

greatest fluctuation during the day (Fig. 132).
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Evaporation, however, was 14 c.c. at the ground, 12 c.c. in the herb

stratum, 15 c.c. in the shrub stratum, and 22 c.c. in the tree stratum as

represented by the mean rate for July and August. This indicates that

wind is more important than temperature in determining the rate of

evaporation.

The Biotic Conditions in a Pine-dune Association. Methods of Sam-

pling.—Quantitative samples in the ground stratum were taken by forcing

an inverted bucket, 25 cm. in diameter, into the ground and introducing

an anesthetic to kill the organisms, after which the bucket was removed

and the organisms counted. The other samples were taken by means of

three sweeps of an air net mounted on a ring 30 cm. in diameter and on a

1
1

1

1
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4-30 AM 8-30PM. 4.50AM 630 PM.
July 15 Julyl5

Fig. 132.—Temperatures in a pine dune environment July 15, 1914. A, at ground;
B, at herb level (16 in.); C, at shrub level (5 ft.); D, at tree level (16 ft.). (Sanders and
Shelford, 1922.)

handle 70 cm. long. It is stated that repeated trials showed that the

samples taken by these two methods had the same value. The use of

such small samples necessarily increases the probable error. These

quantitative collections by Sanders and Shelford (1922) would indicate

that the number of organisms increases from the herb stratum to the

shrub stratum as follows

:

Herb Shrub Tree

Total collected

Average per hectare

.

256

28,595,000

473

49,142,000

96

93,675,000

In comparing the numbers of species from the different strata with the

temperature conditions in the strata, the authors have made the following

summary

:
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Ground 10 species, av. temperature = 25 . 4°, range 25°

Herbs 34 species, av. temperature = 21 .2°, range 16°

Shrubs 38 species, av. temperature = 21 .0°, range 8°

Trees 11 species, av. temperature = 21 .2°, range 11°

The authors concluded from these results that the greater number of

species was to be found at the level where changes of temperature are

least, and also where the temperature itself is medium as compared with

other levels. It hardly seems possible to draw such conclusions from such

meager data.

Garthside (unpublished thesis) made a study of the insect populations

of 15 different jack-pine plots in northern Minnesota. He used traps

covered with adhesive and "quantitative net sweepings.' ' His results

indicate that the insect population of the tree is much greater in the crown

than lower down and that the greatest population is on the ground. He
also concluded that the density of the stand and the resultant density

of the undergrowth, was a more inportant factor than the character

of the forest with respect to the tree species.

A most important result of the work of Garthside is the large number
of species found and the small number of individuals of each species.

Table 24 (Garthside's thesis), gives an analysis of the numbers of individ-

uals of each species of the different orders of insects which were taken

with the traps and with the net. It will be noted that more than half

of all the species taken were represented by less than five individuals.

On the other hand, over 500 individuals of some species were taken.

Table XXVII.

—

Abundance of Individuals in Species—Traps 1

Diptera Hymen. Homop. Hemip. Coleop. Corrod. Lepid.

Class
No.

of

spec.

No.
Ier
J of

cent 1

|
spec.

Per

cent

No.

of

spec.

Per

cent

No.

of

spec.

Per

cent

No.

of

spec.

Per

cent

No.

of

spec.

Per

cent

No.

of

spec.

Per

cent

53

48

19

15

12

19

32

28

11

9

7

11

67

48

11

10

1

2

48

35

8

7

1

1

16

5

4

2

59

19

15

7

3

6

2

1

1

23

46

15

8

8

25

8

2

69

22

6

3

5

1

4

2

1

38

8

31

15

8

2

3

40

2-5 (incl.)'ind

6-10

60

11-20

21-50

Totals 166

101

576

61

140

116

297

83

27

21

16

78

13

9

29

69

36

33

18

91

13

5

124

38

5

5

3

1-5 (inch) indiv

Highest number of

individuals

100

1 The species of the orders are grouped according to the abundance of the individuals in them for the

traps and nets.
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Table XXVIII.

—

Abundance of Individuals in Species—Nets 1

Diptera Hymen. Homop. Hemip. Coleop. Corrod. LepicL

Class
1

No.
Per

No.
Per

No.
Per

No.
Per

No.
Per

No.
Per

No. „
, Per

of of of of of of of
cent cent cent cent cent cent cent

spec. spec. spec. spec. spec. spec. spec.

39

46

28

33

74

69

45

42

14

13

25

23

9

12

25

33

13

10

43

33

3

5

38

62

7

4

54

2-5 (incl) ind 31

6-10 21

11

15

8

9

8

5

5

5

11

9

20

4

3

11

8

3

1

10

3

1 7

11-20

21-50 9

14

1

10

2

3

1

2

6

7

11

13

5

3

14

8

2

1

6

3 1 7

Totals 140 165 56 36 30 8 13

1-5 (incl.) indiv 85 61 143 87 27 48 21 58 23 76 8 100 11 85

Highest number of

individuals 241 171 272 162 so 4 181

1 The species of the orders are grouped according to the abundance of the individuals in them for the

traps and nets.

This raised two important questions. How is such quantitative

work to be done so as to assure one that the important species are studied

and to minimize the routine work connected with the handling and deter-

mining of hundreds of species which may not be of significance? Cer-

tainly we are not in a position to say that the number of individuals is a

valid measure of significance.

The second question has to do with the balance between biotic

potential and environmental resistance. How do these species which are

represented by so few individuals maintain their relative numbers at such

a low level? Some of them would seem to be on the verge of extinction,

yet there is every evidence that they are able to maintain their

equilibrium.

The Elm-maple Forest Association.—The more mesophytic forests

may be expected to have more moderate physical conditions and to be

more stable in composition of flora and fauna.

The Physical Conditions in an Elm-maple Forest Association.—The
light, in the work of Weese (1925), was found to be but 0.35 per cent of

full sunlight under the cover of the herbage in the elm-maple forest.

In the shrub stratum it reached an intensity equal to 1.25 per cent of

full intensity but once during the day.

The temperature in the forest in general is shown by the following

graph from Weese. Weese (1925) states that the mean weekly tempera-

tures at 10 m. above the ground were higher than those recorded near

the ground, averaging 0.35°C. for the summer months. After the leaves

had fallen during October and November this condition was reversed.

For the week ending Sept. 13, 1921, the temperature at the 10-m. level

was about 1°C. higher than at 0.6-m. level (Fig. 133).
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The moisture conditions were recorded by Weese (1925) in both rela-

tive humidity and rates of evaporation. The relative humidity was

recorded at a height 0.6 m. above the ground and 10 m. above the ground.

The station in the herb and shrub stratum averaged 3.55 higher relative

humidity than the one in the tree stratum. During the hottest part of

each day the relative humidity dropped considerably, and at this time the

relative humidity was at times as much as 10 to 12 per cent lower in the

tree zone than in the shrub zone (Fig. 133).

The evaporation was measured by Weese at a series of stations which

represent a vertical section of the forest and the bordering grassland.

Station Elevation

Weekly

evaporation,

c.c.

Remarks

1

2

3

4

5

6

7

8

9

10

11

1 m.

10 cm.

1.5m.
1.5 m.

2.5 m.

(?)

10 cm.(?)

6 m.

10 m.

12 m.

10 cm.(?)

9.16

5.96

9.90

9.63

10.4

4.4

14.03

12.30

12.31

15.71

11.91

Under shrub.

South side of tree trunk.

North side of tree trunk.

Under bough of maple.

In hollow stump.

In grass near roadside.

In elm tree.

In maple tree.

At top of elm tree.

In grass sub for No. 7,

above

This gives a graded series of evaporation rates from the ground to the

tree tops. There is a uniformity in the thick portion of the tree crowns

which seems to represent a region in which conditions are more or less

uniform because of the dense foliage.

The Biotic Conditions in an Elm-maple Forest Association.—The quan-

titative data obtained by Weese (1924) are of particular interest because

few such studies have been made. The methods used were somewhat like

those of Sanders and Shelford (1922). Random samples were taken in

this case by taking the leaves from one square foot and the soil from the

same area to a depth of 10 cm. The samples from the other zones were

taken by 10 sweeps of an air net, the circular opening of which was 30

cm. in diameter.

While there may be some question as to the ultimate accuracy of the

results, they form a basis for a discussion of the quantitative relation-

ships of the insects which is to be obtained nowhere else. It is to be

noticed that there are two peaks in the population curves, particularly

in the cases of the herb and shrub strata. Weese believes that the

increase in the population in the fall was due to a migration of the insects



COMMUNITIES OF THE SHRUB AND TREE STRATA 401

from the surrounding habitats to the forest when the temperature began

to decline. Later the organisms went into hibernation and were not

obtained in the samples and hence the decline in numbers. In the spring

as the organisms came out of hibernation, Weese believes they were

obtained in greater numbers until they had left the forest for the fields.

The population of the leaf stratum seemed to be more uniformly high

than that of any other stratum. It did not increase at the time that the

great population left the upper stratum and went into hibernation, as

one might have supposed. This may mean that the hibernating forms
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Fig. 133.—Temperature and humidity data. Mean temperature and mean humidity

of an ideal day (computed from the 2-hour means for week ending September 13, 1921) at
the 0.6-m. and 10-m. levels in the forest. A, humidity; B, temperature. The upper curve
of A and the lower curve of B represent conditions at the 0.6-m. level. {Weese, 1924.)

went deeper into the ground than the samples took account of, or that the

eggs and other stages of hibernation were difficult to obtain and count
(Fig. 134).

The series of graphs illustrating the seasonal occurrence of the various

species are of particular interest in bearing out the statement of Weese
with regard to the insects which move into the forest for the purpose of

hibernation. From the fact that so many of the prairie forms do so

migrate, Weese concludes that the life cycles of the fauna are adjusted
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to the annual rhythm of physical conditions which are to be found in the

savana and temperate forest (Figs. 135, 136, and 137).

Experiments performed with regard to the behavior of spiders and
other forms seemed to indicate that the reactions to gradients of evaporat-

ing power of the air might be of importance in the case of some of the

species, but that there were other more important factors in many cases.

The condition is no doubt comparable to that of the sand-dune insects in

which a careful study is necessary to determine the controlling factors.

The mere factor of chance distribution is a confusing one, when no method
is employed to determine the role which it may be playing.

r 5 10 15 10 15 30 35 40 45 50
500

6/T7/zl
8/i

Fig. 134.—Animal population data. Total population, and population of the shrub,

herb, leaf, and ground strata of an area of 4 sq. ft. in the forest. A, total population;

B, population of the herb stratum; C, population of the shrub stratum; D, population of the

leaf stratum; E, population of the soil stratum. (JVeese, 1924.)

Such studies lead one to the more important ecological problems.

Weese (1924) states that the Hemiptera, Coleoptera, and spiders were

chosen for particular study because of their abundance and more con-

spicuous character. Smith (1928) proposes a classification based upon
length and period of activity with a secondary or qualifying classification

based upon the effect on the biotic community. Organisms which are

active throughout the year are called predominant, and those active

during a part of the year are called seasonals. Those which are judged

to affect noticeably the community are called subinfluent and those

which are judged to be important because of abundance, bulk or range,

and tensity of activity are called influent.

A knowledge of the dynamic relationships will have to follow upon the

descriptive and quantitative studies. It is to be regretted that we have
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so little information on the importance of the various members of the

fauna on the ecological structure of a community. It would seem that

the greatest progress might be made in gaining an understanding of the

dynamic structure of a community when field and laboratory work

would be combined in a critical study.

5 10 15 10 15 30 35 40 A5 50

5/8 6/1ZWzi 8/l 9/5 10/10 H/14 12/19 Vakz Vll 4&

Fig. 135.—Seasonal occurrence of insects (Coleoptera). Time is represented below.

The vertical scale is relative, only, and is not the same for all species. The solid line

represents the relative numbers found in the leaf-soil strata, the broken line the herb

stratum, and the dotted line the shrub stratum. A, Diabrotica vittata Herbst; B, Notoxus

monodon Fab. ; C, Phalacrus politus Melsh. ; D, Phytonomus nigrirastris Fab. ; E, Telephanus

velox Hald.; F, Glyptina spuria Lee; G, Epitrix brevis Schw.; H, Epitrix fuscula Crot.; /,

Chaetocnema conifinis Crot. ; J, Phyllotreta sinuata Sleph.

The most influential organisms are the species which exert the greatest

influence upon the numbers of organisms which serve as their food, and

also upon the organism for which these species serve as food. Elton

(1927) has stressed the importance of these food chains. Still other

organisms must be important because they can fit into niches in a com-
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munity without seriously affecting the rest of the relationships. A third

group, which is difficult to evaluate, consists of the great number of

species which are present in very small numbers of individuals and which

exert an important influence in keeping other species in a minority

position.
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Fig. 136.—Seasonal occurrence of insects (Coleoptera and Hemiptera) and spiders.

In graph K the different strata are indicated as in Fig. 4. In graphs P, A, and T the heavy

lines represent adult spiders and the light lines young spiders. In graphs L, M, N, O, R,

and S the total population only is shown. K, Longitarus melanurus Melsh.; L, Corythvcha

aesculi O and D.; M, Corimelaena pulicaria (Germ); N, Lygus pratensis (L); 0, Blissus

leucopteris (Say); P, Dendryphantes aestivalis Emer.; Q, Ulolorus americanus Walck; R,

Anyphaena rulera Emer.; S, Dictyna Sp?; T, Xysticus elegans Kays. (Weese, 1924.)

APPLIED ECOLOGY

The application of the principles of animal ecology extends to two

great fields of human interest.

One is the field of economic entomology to which man must look for

his protection in the struggle against his most serious natural enemy,

the insect. Here, when entomologists have come to the limits of the

possibilities of poisons and the mechanical means of destroying the

insects, attention must be turned, in the last resort, to the possibilities
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of so modifying the environmental conditions that the pest can no longer

play a dominant role in agriculture.

Wardle and Buckle (1923), Wardle (1929), and Friederichs (1930)

have emphasized the importance of the principles of ecology in the field

of entomology. It is not the purpose of this treatise to cover the field

of economic entomology. It is sufficient to call attention to some of the

recent volumes on the subject and to express the hope that there may be

at least a few centers of research devoted to some of the fundamental

phases of ecology. They need not be devoted to the study of species

which are of economic importance or are ordinarily considered important

in nature. It is far more important that they be species which lend

themselves to the study of fundamental phenomena concerned with the

equilibrium of nature and an evaluation of the forces which bring about

changes in the equilibrium of populations.
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Fig. 137.—Seasonal occurrence of spiders and insects (Cicadellidae). U, Linyphia
phrygiana Koch; V, Acrosonia rugosa Hentz; W, Epeira gibberasa Henta; X, Tetragnatha
Sp?; Y, Empoasca viridescens Walsh; Z, Total Cicadellidae and Erythroneura oblequa Say.
(Weese, 1924.)

Such applications of the principles of animal ecology require qualita-

tive and quantitative investigations of the highest order. As entomolog-

ical problems become more complex, due to the increased facilities for

transportation, the requirements of such investigations will become
more exacting. It is difficult to imagine a field of science which is fuller

of possibilities for mathematical, physical, and biological investigations

than this field of applied animal ecology.

The second great field of application is in the study of human
sociology. Fundamentally, man is endowed with a certain biotic poten-

tial which is pitted against the resistance of his environment. The great
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problems of human population are undoubtedly better understood by

knowing the conditions under which all natural populations fluctuate and

attain conditions of relative stability. In the investigation of the ecology

of insects, a single year may represent 15 centuries of human history; and

a population equal to the present numbers of man may be produced and

observed in a modern laboratory.

It would seem that the future of these branches of applied animal

ecology holds possibilities that should challenge the best intellects of the

generation of students which is now entering the field of science.
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APPENDIX

VARIATIONS AND FLUCTUATIONS OF THE NUMBER OF

INDIVIDUALS IN ANIMAL SPECIES LIVING TOGETHER 1

Professor Vito Volterra

§1. PRELIMINARY CONSIDERATIONS

1. Many applications of mathematics have been made to biology.

In the first place come the researches on physiological questions relative

to the senses, to the circulation of the blood, to the movement of animals,

which can be viewed as subjects of optics, of acoustics, of hydrodynamics

or of the mechanics of solid bodies, and hence have not called for new
methods outside the scope of the classical mathematical physics. Biom-

etry, on the other hand, with its own modes of procedure, has recourse

to the use of calculus of probability and has created a mass of new and

original studies. 2 And, too, the recent geometrical researches on the

form and growth of organized existence have a particular character. In

them geometry has been used to describe the forms themselves and their

development just as for a long time it has been employed in astronomy

to describe the orbits and the motions of the celestial bodies. 3 Moreover
it is to be hoped that the methods allied to the analysis used for heredity

may be advantageously employed in questions concerning biology. 4

Putting aside other applications of mathematics, these points, of

which I shall speak in this article, I consider worthy of study and research,

as being able to clarify various points actually interesting to biologists. 5

1 Reprinted by permission of the author, Professor Vito Volterra, Rome, from

Journal du Conseil international pour Vexploration de la mer, III, vol. 1, 1928; transl.

by Mary Evelyn Wells, Doctor of Mathematics.
2
Cf. Volterra, "Saggi Scientifici," I. Sui tentativi di applicazione delle mate-

matiche alle Scienze biologiche e sociali, Zanichelli, Bologna, 1920.—For Biometry

see the periodical Biometrika founded by Karl Pearson in 1901.
3 Wentworth, D'Arcy Thompson, "On Growth and Form," Cambridge, 1917.

4 Volterra, ibid., VII. L'evoluzione delle idee fondamentali del calcolo infinitesi-

male; VIII. L 'applicazione del calcolo ai fenomeni d'eredita.

5 The complete work has been published by me in Memoria delta R. Accademia

Nazionale dei Lincei, division on mathematical, physical and natural sciences, ser. VI,

vol. II, and in Memoria CXXXI, of R. Comitato Talassografico Italiano, with the

title: "Variazioni e fluttuazioni del numero d'individui in specie animali conviventi."

After the publication of this note I received word that in the study of parasites relative

to malaria there existed the equations of Ross, and I learned that in the volume:

409
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2. Biological associations (biocoenosis) are established by many
species which live in the same environment. Ordinarily the various indi-

viduals of such an association contest for the same food, or else some
species live at the expense of others on which they feed. But nothing

prevents them from being able to take advantage of each other. All

this comes back again to the general phenomenon called "the struggle

for life."

The quantitative character of this phenomenon is manifested in the

variations of the number of individuals which constitute the various

species. In certain conditions such variations consist in fluctuations

about a mean value, in others they show a continuous decrease or increase

of the species.

The study of these variations and of these different tendencies is

important theoretically, but often has also a practical importance worthy

of notice, as in the case of the species of fish which live in the same seas

and whose variations interest the fisheries. 1 And also agriculture is

interested in the fluctuations of parasites of plants when these parasites

are attacked by parasites of these parasites. Also infective diseases

(malaria, etc.) show fluctuations which are probably of an analogous

nature.

The question presents itself in a very complex way. Certainly there

exist periodic circumstances relating to environment, as would be those,

for example, which depend upon the changing of the seasons, which

produce forced oscillations of an external character in the number of

individuals of the various species.

"Elements of Physical Biology," New York, 1925, Doctor Lotka had considered the

case of two species developed by me in §3 of part 1, arriving by other methods at the

integral, to his diagram, and to the period of small oscillations. However the general

laws obtained by me in this same section, the various cases developed in the other

sections of the first part, as likewise all the other three parts of my memoir, in which

I consider the applications of the aforesaid laws and the cohabitation of n species in

the hypothesis of conservative and dissipative associations, are new and treated for

the first time.
1 Doctor Umberto D'Ancona has many times spoken to me about the statistics

which he was making in fishery in the period during the war and in periods before and

after, asking me if it were possible to give a mathematical explanation of the results

which he was getting in the percentages of the various species in these different periods.

This request has spurred me to formulate the problem and solve it, establishing the

laws which are set forth in §7. Both DAncona and I working independently were

equally satisfied in comparing results which were revealed to us separately by calculus

and by observation, as these results were in accord; showing for instance that man in

fisheries, by disturbing the natural condition of proportion of two species, one of

which feeds upon the other, causes diminution in the quantity of the species that

eats the other, and an increase in the species fed upon. (See DAncona, Dell' influenza

della stasi peschereccia del periodo 1914—18 sul patrimonio ittico dell' Alto Adriatico,

Memoria CXXVI R. Comitate Talassografico Italiano.
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These actions of external periodic nature were those which were spe-

cially studied from the statistical point of view, but are there others of

internal character, having periods of their own which add their action

to these external causes and would exist even if these were withdrawn?

Observation inclines to an affirmative reply and mathematical cal-

culation confirms it, as we shall see in this article. But on first appearance

it would seem as though on account of its extreme complexity the

question might not lend itself to a mathematical treatment, and that on

the contrary mathematical methods, being too delicate, might emphasize

some peculiarities and obscure some essentials of the question. To guard

against this danger we must start from hypotheses, even though the;y

be rough and simple, and give some scheme for the phenomenon.

For that we shall begin by studying that which could be called the

"purely internal phenomenon," due only to the reproductive power

and to the voracity of the species as if they were alone. Later we shall

study the addition of foreign or forced periodic actions which are the

result of environment.

3. And what mathematical methods will it be convenient to use?

Perhaps the methods founded on the calculus of probability which might

suggest themselves first? Let me say at once it is not these which lead

us to the goal.

Permit me to indicate how the question can be considered: Let us

seek to express in words the way the phenomenon proceeds roughly:

afterwards let us translate these words into mathematical language.

This leads to the formulation of differential equations. If then we allow

ourselves to be guided by the methods of analysis we are led much farther

than the language and ordinary reasoning would be able to carry us and

can formulate precise mathematical laws. These do not contradict the

results of observation. Rather the most important of these seems in

perfect accord with the statistical results. 1 The road followed is thus

clearly indicated with these few words. We shall see after a little how
the difficulties met were overcome.

4. On the basis of the ideas expressed above, in order to simplify

the treatment, we shall assume that the species increase or decrease in

a continuous way, that is to say we shall assume that the number which

measures the quantity of individuals of a species is not an integer, but

any real positive number whatever which varies continuously. In general

the hatchings take place in definite periods separated from each other

by an interval of time; we shall neglect these particulars assuming that

1 D'Ancona establishes from the examination of the statistics of the markets of

Trieste, Venice, and Fiume that during the war there took place in the Upper Adriatic

a change of the proportions of the individuals of the various species of fish to the

advantage of the selacians which must be considered among the most voracious. This

result agrees with the law of the disturbances of the average which we express farther

along.
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births may take place with continuity every moment and that, on a

parity with all the other conditions, they may be verified proportionally

to the number of living individuals of the species. Let the same assump-

tion be made on death and, according as births may prevail over deaths,

or vice versa, an increase of diminution of individuals will occur. Thus
we shall assume the homogeneity of the individuals of each species

neglecting the variations of age and size.

If there is only one species or if the others have no influence on it,

so that the circumstances of birth and death do not vary, we shall have,

if N denotes the number of individuals,

dN— = nN — mN == (n — m)N,

where t denotes time and n and m are constants, respectively the

coefficients of birth and mortality. Letting n — m = e we shall have

(I)
d§ = <N, (II) N = N e«,

where No denotes the number of individuals at the time zero; e will be

called the coefficient of increase of the species and if it is positive there

will be a true increase, otherwise a decrease. If the circumstances of

birth and death change, e will vary with time or with N or with other

elements. In such a case (I) will always exist, but evidently we shall

no longer have (II).

§2. BIOLOGICAL ASSOCIATION OF TWO SPECIES WHICH CONTEND FOR
THE SAME FOOD

1. Let us suppose we have two species living in the same environ-

ment: let the numbers of the individuals be respectively Ni and iV2 and

let €i and e2 be the values which their coefficients of increase would have

if the quantity of the common food were always such as to amply satisfy

their voracity. We shall have

dNi , 7 dN 2 , 7 f ^ ^ n

~^- = €iiVi, -jj- = e 2N 2 (ei > 0, e 2 > o).

Let it be admitted now that the individuals of the two species, continually

increasing in number, diminish the quantity of food of which each

individual can dispose. Let us suppose that the presence of the N\ indi-

viduals of the first species diminishes this quantity by an amount h[Ni

and the presence of the iV2 individuals of the second species diminishes

it by the amount h 2N 2 and that therefore by the combination of the two,

the diminution amounts to hiN\ + h 2N 2 and that by virtue of the

unequal need of food of the two species, the two coefficients of increase

are reduced to
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€i - yiQlytfi + WVi)> € 2 - Ti(*l^l + h 2N2) (1)

We shall then have the differential equations

~ = [6i - ti(^i^i + h2N2)]Nlt (20

^2 = [€2 - TlftlM + MT.)]tfi, (2,)

in which we must suppose eh e 2 , hi, h 2 , yh y2 to be positive constants.

2. From the preceding equations it follows that

*J^i = ei - Tl(Wr, +w ,

<ft
(30

and hence

that is to say

rf l0|

^

= « - ti(WTi + WW, (30

dlogiVi dlogJV2 ...7*-^ Ti—-j €l72 - wi, (4)

^ = Ci72 - €2Tl (O)

and integrating and passing from logarithms to numbers,

N*ri
= Ce^^rtJ'j (6)

where C is a constant quantity

3. If the binomial €iy 2
-€

2yi is n°t zero we can suppose it positive,

for if it were not positive it would suffice to exchange species 1 with

species 2 to make it positive.

In this case

lim N{r*'=^ = °°-

For JVi equal to or greater than ei/yihi, by virtue of (2i), the differen-

tial coefficient dNi/dt is negative, hence JVi cannot exceed a certain limit.

N2 then must approach zero.

It is easy to compute the expression asymptotic to iV\.

In fact when N2 becomes small enough to remain negligible, equation

(2i) will become
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^ = (« - y 1h 1N 1)N 1

or, separating the variables

dt = d2Vi

and integrating and passing from logarithms to numbers,

ci — yihiNi

Co being a constant. Hence

C eie«i' C ei
Ni =

1 + yihiC e<i
l e"V + YiW7«

Therefore iVi approaches asymptotically the value €1/7^1 for increas-

ing or decreasing values according as Co is positive or negative.

We can sum up the results we have obtained, in the following proposi-

tion: If €1/71 > €2/72 the second species continually decreases and the num-
ber of individuals of the first species approaches t\/y\h\.

§3. ASSOCIATION OF TWO SPECIES ONE OF WHICH FEEDS UPON THE
OTHER

1. Let JVi and N 2 be the numbers of individuals of the two species.

Let €1 > represent the coefficient of increase which the first would

have if the other did not exist. Let us suppose that the second would

die out because of lack of food if it were alone ; therefore let its coefficient

of increase be negative and equal to — e 2 (e 2 can be considered as a

coefficient of decrease). If each of the two species were alone we should

have

sr
= tiAr" <7i)

-w = -^ (7a)

But if they are together and the second species feeds upon the first €1

will diminish and — € 2 will increase, and evidently the more numerous

the individuals of the second species become the more e 1 will diminish,

and the more the individuals of the first species increase, the more will

— € 2 increase. To represent this fact in the simplest manner let us

suppose that €1 diminishes proportionally to N 2 , that is by the amount

7i2V 2 , and that — e 2 increases proportionally to Ni, that is by the amount

y*Ni.
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We shall have then the differential equations

(A t ) ^ = („ - yjr$Ni (A 2)

d^ = (- tt + y^Nr

The assumption that the coefficients of increase and of decrease be

respectively linear in relation to N 2 and JVi may seem very loose, but

it is justified as we shall see in §5, if we compute these coefficients by

means of the probable number of encounters of the individuals of the

two species. And even if we take for the coefficients any functions what-

ever of N 2 and Ni respectively, the mode of integration used in this sec-

tion, in which they are supposed linear, works out just the same.

2. While the- constants €1 and e 2 sum up the conditions of birth and

death of the two species, the coefficients 71 and y 2 measure in a numerical

way the aptitude of the first species to defend itself and the means of

offense of the second species. In fact if we increase these means of offense

then 71 and 72 must increase, and if we increase the means of protection

of the first species then a diminution of these coefficients must follow.

In order to have a method of measuring e x and e 2 it will be sufficient

to integrate (7i) and (7 2); we should have if each of these two species

were alone

tfi = CVs N 2 = C 2e-*>',

where d and C 2 are respectively the values of 2Vi and N2 for t = 0.

Let us place JVi = 2Ch N2 = }iC 2 and denote by ti and t2 the times

necessary respectively for the first species to double itself and the second

to be reduced by half. We shall have

=
lQg* 2 = °:693 ^ log* 2 = 0-693

*i t\ t 2 t 2

From this it follows that €1 and e 2 have the dimensions —1 with respect

to time. It would always be possible to take the units of time in such a

way that ei = 1. In fact if we take as the unit of time necessary for the

first species to increase in the ratio e = 2.728, we shall have e = e' 1

and hence €1 = 1. e 2 could be treated similarly.

Letting

= K 2 , (8)
€2

72
-*i, £1

7i

equations (Ai) and (A 2) show us that if

N 1 = K, Nt = K,

dNi
dt

<^ =
dt

that is to say, the two species are in a stationary state.
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We shall have then

€l €2

Now let us pass to the integration of equations (Ai) and (A 2).

From (Ai) and (A 2) it follows that

jNi jN a
a
K, ( N2\Ni

aK\_ ( NAN* (9)

whence, by placing

Ni = Kinh N2 = K 2n 2 , (10)

the preceding equations may be written

a ^i_ l/i _ „_w /A j\ <*"
(A/) -g-== ei(l - n2)n 1} (A2O -^- = -€j(l - wi)w 2

-

Multiplying these equations respectively by e 2 and e 1 and adding we have

, (€ 2ftl + €iW 2) = €i€ 2 (Wi - U2)- (11)

Multiplying them respectively by c 2/ni and ei/w2 , and adding, we find

€2 drii . €1 0*712
/ s

^T ~^~ + IT ~1T
= ei e2(ni - n2 ),

fti at ri2 at

that is to say

^(log ni* 2 + log n 2«0 = €ie2 (fti - n 2)- (12)

Equating the first members of (11) and (12) there follows

j j

^fe^i + «lW 2) = ^(lOg ™1* 2 + log Wj«i)»

and integrating and passing from logarithms to numbers

where C is a positive constant. Whence

ffi
= <^P <13 >

From (A'O and (A' 2) it follows that

drii dn2
dt

«i(l — n 2)ni —

e

2 (l — Wi)w2
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If by means of the integral (13) we express n 2 in terms of n x or wi

in terms of n2 and substitute respectively these values in the preceding

equations the variables remain separate, and the integration is reduced

to a quadrature.

3. But we wish to examine directly the solution, and especially the

integral (13).

Therefore let us place

*-W-?$y (14)

and let us consider the curve T h which has ni and x for abscissa and

ordinate, and the curve T 2 , which has n2 and x for abscissa and ordinate

(Fig. 1).

We shall have

a£(S)-'~<i-.*>' (15)

which is positive for ni < 1 and negative for n x < 1. Then while n\

varies between and «o , x increases from to its maximum value (')"

for ni = 1, and then approaches Oasni increases indefinitely. Whereas

while n2 varies between and oo , x decreases from co to its minimum
value Ce*1 for n 2 = 1, then increases without limit becoming oo for n2

= co. The nature of the curves Ti and T 2 appears then as shown in

Fig. 1.

The constant C is determined from (13) whenever the initial values

of wi and n 2 are known, and it is

C ^ e-
(e

>
+e

*\

If C < 6~ (€l+t2)
, that is if e"* 2 > C e* 1

, for every value of x between

Ce* 1 and e H there correspond two values of n\ and two of n 2 , excluding

the two values corresponding to the points C\ and C2 of maximum and

minimum ordinates of the two curves r x and T 2 . Having arranged the

two curves as in Fig. 1, with one axis of abscissas the continuation of the

other, let us draw the normals to x from the vertices d and C 2 and con-

sider the sections AiCiBi, A 2C 2B 2 of the two curves lying between these

two parallels. Let ai < 1 and &i > 1 be the abscissas of A\ and Bh a 2 <
\,b 2 > 1 the abscissas of A 2 and B 2 .

Then let us try to construct the curve X having ni for abscissa and n2

for ordinate. First let us make the point A 2 correspond to the point

C\ and trace the arc C\B Y with the point G\. Then in the curve Y 2 let us

trace the arc ^4. 2C 2 , and, corresponding to G\ on Ti we shall have G 2 on T 2 ,
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on the same perpendicular to x. Then the value n 2 — g 2 will correspond

to Wi =
flfi, gri and (72 being respectively the abscissas of G x and(r 2 . Then

while fti increases from 1 to bu n 2 will increase from a2 to 1, that is the

curve of Fig. 2 will be traced from the point R 2 of coordinates (1, a2 ) to

the point Si of coordinates (61, 1). Continuing, while ni decreases from

&i to 1, 712 will increase from 1 to b 2 , that is we shall move in Fig. 2 from

the point Si of coordinates (61, 1) to the point S 2 of coordinates (1, b2);

and as wi decreases from 1 to a1} n 2 decreases from b2 to 1, that is in Fig. 2

we move from point S 2 or coordinates (1, b2) to the point Ri of coordinates

(ai, 1). Finally when wi increases from a x to 1, n 2 will decrease from 1 to

a2 and in Fig. 2 we go from the point Ri of coordinates («i, 1) to the

point 7^2 of coordinates (1, a2).

*-£* C

*

1 r7

\£ \A X

h

Ail V c/' ^^
\

C2

tit

c7
1

L>/ 2i72 i t»

Fig. 1.

On our return to the point of departure there begins again the periodic

tracing of the closed cycle of Fig. 2, and by virtue of (14), (as follows

also from Fig. 1), when n x and n 2 take again the same values x also takes

the same value.

4. From (14) it follows that log x = € 2 (log Wi — n x ), and then,

taking the derivative with respect to t and using (A/),

ldx
x dt

= e{i ~ l

)

d

it
= eM1 ~ ni)(1 _ na)

that is

dt = dx

€ie2s(l - Wi)(l - n 2 )

From which it follows that each time we trace with n\ and n2 the closed

cycle of Fig. 2, t will increase by a constant quantity T
7

. From this it

follows that ni and n 2 , and by virtue of (10) also Ni and JV 2 will be periodic

functions of the time, with the period T. The curve A of Fig. 3 obtained
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from Fig. 2 by multiplying the abscissas by Kh and the ordinates by
K2 , namely the curve which gives us the diagram of the cycle which

relates Ni to N 2 may be called "the cycle of fluctuation" and Ki(bi — ai),

K 2 (b2 — a*) the amplitudes of the fluc-

tuations of the two species. In general

the cycle of fluctuation will not have a ^2

center of symmetry, yet the point 12

whose coordinates are Ki and K 2 stands

inside all the possible cycles of fluctua-

tion $, A, ^, X, . . . dependent upon

all the possible initial conditions of the

two species as is indicated in Fig. 3.

The name "center of fluctuation" may be

given then to the point 12. All the curves <7
2

of diagram 3 will be obtained by keeping

«ij e 2 , Yi, Y2 constant and letting constant

C take different values. These curves do

not meet each other, but lie one within the other.

Fig. 2.

We have then in this case a periodic fluctuation of the number of individ-

uals of the two species, with period T, or the phenomenon will have a

cyclically periodic character.

Let us represent the fluctuation of ni and n 2 as functions of the time

and we shall have Fig. 4.

5. To determine the period T we shall need to calculate the integral

/
dx

6i€*E(l - tti)(l - ft 2)

extending it in succession over the four arcs R 2Si, SiS2 , S 2Ri, -RA.
The sum of the four integrals will give us the period T.
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The function under the integral sign becomes infinite at the four

vertices Rh R2 , Si, S2 , but as is easily recognized, the order of infinitude

is such that the integrals are convergent.

The preceding integral proves that the period T depends only on ei,

€ 2 and C.

In the following section we shall calculate approximately this period,

assuming that the fluctuations are small. 1

6. The approximate case in which the fluctuations are small can be

treated easily by starting with equations (Ai) and (A 2).

In fact placing

rii = 1 + vu n2 = 1 + v2 (16)

we shall have

N x - tfi(l + »0, #2 = #2(1 + t>2). (17)

Equations (A/), (A 2 ') will become

/a //\ dvi fK /A dv 2
,(A/ ') -TT = -€1^2 - €iVi^ 2 ,

(A2 ) -^ = € 2V! -f t2ViV 2 .

If the fluctuations are small Vi and v2 can be considered as small

quantities of the first order, whence, if we neglect all terms of the second

order in the preceding equations, we shall have

dvi dv 2

which are integrated by the formulas

Vi = L-\Ai cos (\/eie 2 1 + a), v2 — Ly/e 2 sin (\/ei^ t + a)

where L and a are both constants.

We shall have then, by using equations (8), (10), (16) and placing

71Y2

Nt
= *-*- + -^E cos (V^T2 1 + a)

72 V«i

JV2 = ^ + -^=_E sin (V^ * + a) (18)
Yl V€2

whence Ni and iV2 appear periodic with the period 2ir/y/e^ 2 .

We should have arrived at this same value by calculating directly

the integral T of the preceding section and neglecting terms of infinitesi-

mal order.

1 For the exact calculation of the period T, I refer to the article already cited,

Memoria della R. Accademia dei Lincei, pt. 1, §3, No. 5.
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We can assume then that the period of the cycle of fluctuations of

the two species is given approximately by

T = 2tt

V:€l€ 2

uhjun
Fig. 4.

If, as in article 2, we call t\ and t 2 the two times in which respectively

the first species doubles itself and the other is reduced by half, we shall

have

T =
0.693

= 9.O6VM2.

The cycle of fluctuation will become an ellipse having its center at

the center of fluctuation and having for semi-axes

E^, E^=

whence the amplitudes of the fluctuations will be

/1 = 2E Ti h = 2E 72

The ratio of the amplitudes of the two fluctuations will be

/1 = 7i /c2^

h 72\€i

The family of cycles of fluctuation will in this case consist of a group

of homothetical ellipses having for common center the center of fluctua-

tion (see Fig. 5).

7. Now let us consider the average number of individuals of the two
species during a cycle.

For that let us take equations (A/), (A 2')- Dividing both members
respectively by n\ and n 2 we shall have

d log Tli

dT = €i(l — n2),

d log n 2 = -e 2 (l - Wi),
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and integrating between the times t' and t" at which times fti and n 2

assume respectively the values n/, n/'; n 2 ', n 2 ", the following equations

will be obtained:

log
n 2 — e 2

I n 2d£ L

If we extend the integrals to a period 7" the first members vanish

and we have

T = nidt = n 2dt

Jo Jo

which is equivalent to saying

T

Ti
nidt=

r/o'
n 2dt = 1.

Then the averages of the values of n x and n 2 in a period are equal to

1 and by (10)

K N^t = Ki =
72' »r Ti

i.e., the coordinates of the center of fluctuation are the average values

of the numbers of individuals of the species during a cycle. From this it

follows that if eh e 2 , 71, t 2 stay constant, the averages of the individuals

of the two species during a cycle of fluctuation will always be the same
whatever may be the initial numbers of individuals of the two species.

Let us see how these averages change with variation of ei and e 2 ,

supposing 71 and 72 constants. It is seen at once that the average of the
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first species increases in proportion with e 2 , and that of the second species

decreases in proportion with ei so long as this quantity remains positive.

Now to make e 2 increase means destroying uniformly individuals of the

second species in a quantity proportional to their number, and to make
ei decrease means destroying uniformly individuals of the first species

in a quantity proportional to their number; from which it follows that

if we try to contemporaneously destroy individuals of both species in

the aforesaid manner but always keeping e x positive, there will be an

increase in the average of the individuals of the first species (those fed

upon) while there will be a decrease in the average of the individuals of

the second species (those feeding upon others). In Fig. 6 we have repre-

sented the transition from a cycle A corresponding to the parameters

€1 and €2 to a cycle A' corresponding to parameters ei < e 1; e 2
' > e 2

(the parameters 71 and 72 are supposed invariable and €1 > 0). We
may conceive of this transition as occurring in an instant correspond-

ing to the point P of intersection of the two cycles, that is to say, without

having any sensible change at that instant in the number of the individ-

uals of the two species, although a change is disclosed with the passage

of time by virtue of the constant action due to the variation of the para-

meters € L and € 2 . The center 12' of A' is moved to the right of and below

12 which indicates a diminution in the average value of N 2 and an increase

in the average value of Ni.

To increase the protection of the species that is eaten from the voracity

of the other means to diminish 71 and 72 and this corresponds to an

increase in the average quantity of the two species.

8. We can sum up the various results obtained in the following laws

which we shall call the "fundamental laws of the fluctuations'
'

of the two species living together:
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a. Law of the Periodic Cycle.—The fluctuations of the two species

are periodic and the period depends only upon e1} e 2 and C (namely upon
the coefficients of increase and decrease and the initial conditions).

b. Law of the Conservation of the Averages.—The averages of the num-
bers of individuals of the two species are constant whatever may be the

initial values of the numbers of individuals of the two species just so long

as the coefficients of increase and decrease of the two species and those

of protection and of offense (ei, e 2 , Ti, 72) remain constant.

c. Law of the Disturbance of the Averages.—If an attempt is made to

destroy the individuals of the two species uniformly and in proportion to

their number, the average of the number of individuals of the species that

is eaten increases and that of the individuals of the species feeding upon
the other diminishes. 1

Increasing the protection of the species fed upon increases, however,

both the averages.

In the case in which the fluctuations are small, we have the following

approximate laws:

(1) The small fluctuations are isochronous, that is to say their period

is not affected perceptibly either by the initial number of individuals or by
the conditions of protection and offense.

(2) The period of fluctuation is proportional to the geometric mean of

the times in which the first species, alone, would double itself and the

second, by itself, would be reduced by half. (T = 9.06-\/M2.)

(3) The uniform destruction of individuals of the species feeding upon

the other accelerates the fluctuations, and the destruction of individuals

of the species eaten retards them.

If the individuals of the two species are destroyed, contemporaneously

and uniformly, the ratio of the amplitude of the fluctuation of the species

eaten to the amplitude of the fluctuation of the species feeding upon the

other increases.

It seems that the animal species for which in their natural state the

verifications of these laws can most easily be carried out are fish, of which

there are in fact species which feed upon others. Continual fishing con-

stitutes a uniform destruction of individuals of various species.

The cessation of fishing during the period of the recent war and its

resumption after the war established transitions comparable to those

considered above, from one cycle to another. Besides, the greater or less

abundance of fish of various species determined by statistics gives a

measure of the abundance of the individuals of the various species; hence

the statistics of fishery furnish data on the fluctuations.

1 It is understood that this law is valid within certain limits as is explicitly said

in N. 7, that is as long as the coefficient of increase ei remains positive. In §5 a special

study will be made of the limit within which an element destructive of two species

assists the species that is eaten.
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The results of the statistics are seen to be in accord with the mathe-

matical predictions. 1

§4. EFFECTS OF THE VARIOUS ACTIONS WHICH TWO SPECIES LIVING
TOGETHER CAN HAVE ON EACH OTHER

1. Let us suppose we have two species living together, and let N\
and N 2 be respectively the numbers of individuals in each. The number
of encounters of individuals of the first species with those of the second

species, which occur in a unit of time, will be proportional to NiN 2

and can therefore be assumed equal to aNiN 2 , a being a constant. Let

Xi and X 2 be the coefficients of increase, positive or negative, of the two

species when each is alone. In the case which we have already treated

Xi is positive and X 2 is negative. Moreover these meetings are unfavor-

able .to the first species (the species fed upon), while they are favorable to

the second species (the species feeding upon the other). Let us indicate

by j8i the increase of individuals of the first species and by (3 2 the increase

of individuals of the second species due to a certain number of encounters,

for example n. In the preceding case /?i would have to be taken negative

and 02 positive. In the time dt the increases of the two species will be

respectively

dNi = XiJVid* + -aNJTidt,
n

dN2 = \ 2N2dt + -aNiNtdt.
n

Using

01 02

the preceding equations will become

fdJ = i\r,(Xi + Miiv.)

dN (19)

-}l
= iV 2(X 2 + M2JV.)

1
Cf. footnote 2, §1, No. 2, in which the statistics of Doctor D'Ancona are spoken of.

Charles Darwin had an intuition of the phenomena connected with the law of

disturbance of averages, when, speaking of the struggle for life, he said:

"The amount of food for each species of course gives the extreme limit to which

each can increase; but very frequently it is not the obtaining food, but the serving

as prey to other animals which determines the average numbers of a species. Thus,

there seems to be little doubt that the stock of partridges, grouse, and hares on any
large estate depends chiefly on the destruction of vermin. If not one head of game
were shot during the next 20 years in England, and, at the same time, if no vermin

were destroyed, there would, in all probability, be less game, than at present, although

hundreds of thousands of game animals are now annually shot."

Charles Darwin, "The Origin of Species by Means of Natural Selection, or the

Preservation of Favoured Races in the Struggle for Life," 6th ed., pp. 53-54; with cor-

rections to 1871, John Murray, London, 1882.
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and if we make evident the signs which are given in the preceding case,

writing

Xi = €1 X2 = —€2

Mi = —7i M2 = 72

we arrive again at the equations (Ai) and (A 2) of §3, namely

dt

dN2

dt

= Ni(ei - yiN2)

= Ar
2(-€ 2 + 72iVl).

Thus appears a justification (as mentioned in (No. 1 of §3) of the

assumption that the coefficients of increase are linear with respect to N 2

and Ni.

2. Let us now take equations (19) without concerning ourselves with

the signs of the coefficients, that is admitting that they may be positive

or negative; we may assume that they repre-

sent the laws of increase of two species living

together for which Xi and X 2 are the coeffici-

ents of increase, while mi and M2 are the

coefficients of increase depending on encounters.

The signs of Xi and X 2 tell us if the species

are increasing or decreasing by themselves,

while the signs of the coefficients mi and M2

indicate whether the encounters are favor-

able or unfavorable to one species and to the

other respectively. For example if Xi and X 2

are positive and mi> M2 are negative this will show that the species are in-

creasing by themselves, and that the encounters are unfavorable to

both species. We shall consider all possible cases, making all possible

combinations of these coefficients taking them positive or negative.

According to the signs of \ h mi, X 2 , M2 the different cases relating to

equations (19) are represented in Figs. 7, 8, 9, 10, 11, 12, and 13.

The following table indicates which cases correspond to the preceding

figures.

Fig. 7.

Xi > 0, fja > 0, X 2 > 0, M2 > 0,

Xi < 0, mi < 0, X 2 < 0, M2 < 0,

Xi < 0, mi < 0, X 2 > 0, M2 > 0,

Xi > 0, mi > 0, X 2 < 0, M2 < 0,

Xi > 0, mi > 0, X 2 > 0, M2 < 0,

Xi < 0, mi < 0, X 2 < 0, M2 > 0,

Xi < 0, mi < 0, X 2 > 0, M2 < 0,

Xi > 0, m, > 0, X 2 < 0, M2 > 0,

Fig. 7

Fig. 8

Fig. 9

Fig. 10

1. r.

t
r.l.

r. 1.

t
l.r.

1. r.

r. 1.

r. 1.

1. r.
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\i > 0, mi < 0, X 2 > 0, M2 < 0,

\ x < 0, m> 0, X 2 < 0, M2 > 0,

Xi > 0, mi < 0, X 2 > 0, M2 < 0,

Xi < 0, mi > 0, X 2 < 0, M2 > o,

Xi > 0, mi < 0, X2 > 0, M2 < o,

Xi < 0, mi > 0, X 2 < 0, M2 > o,

fh

Fig. 8.

Fig. 9.

Fig. 10.

\
Fig. 11

Fig. 12

Fig. 13 <

A/2

M

Hi

1. r. 1st branch

r. 1. 2nd branch

r. 1. 1st branch

1. r. 2nd branch

u. 1st branch

d. 2nd branch

d. 1st branch

u. 2nd branch

1. r. 1st branch, 2nd branch

r. 1. 3rd branch, 4th branch

r. 1. 1st branch, 2nd branch

1. r. 3rd branch, 4th branch

Fig. n

Fig. 12.

Fig. 13.

In the preceding table 1. r. signifies that with increase in time the

curve is traced from left to right, r. 1. from right to left, d. downward
and u. upward.
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§5. LIMITS WITHIN WHICH A CAUSE DESTRUCTIVE OF TWO SPECIES
FAVORS THE SPECIES FED UPON

1. We have shown (§3, No. 7) that decreasing ei, namely the coeffi-

cient of increase of the species fed upon, and increasing e 2 , or the coeffi-

cient of decrease of the species feeding upon the other, cause an increase

in the average of the individuals of the first species and diminish that of

the second species, from which we have enunciated in No. 8 the law:

If an attempt is made to destroy the individuals of the two species uniformly

and in proportion to their number, the average of the number of individuals of the

species that is eaten increases, and that of the individuals of the species feeding upon
the other diminishes.

But we have added that this law is valid within certain limits, that

is as long as ei stays positive.

2. We shall now conduct a study of the behavior of the phenomenon
in detail. Let us denote by aX the ratio between the number n\ of indi-

viduals of the first species which are consumed, i.e., which are subtracted

from the biological association, in the unit of time, and the total number
of individuals in it, and by /3X the analogous ratio for the second species.

During the time dt there are lost from the biological association

respectively

nidi = a\N\dt ~

and

n 2dt = p\N 2dt

individuals of the two species, wherefore the equations (Ai), (A 2) must

be modified by substituting in them for ei and e 2 respectively

ei — a\, e 2 + jSX.

The anharmonic ratio of the four numbers n 2 , N 2 , nh N\, i.e.

n 2 :N 2 ::ni:Ni = - = 8,
a

gives the ratio of the percentages of destruction or subtraction for the

two species, which can be supposed to depend solely upon the way in

which this destruction or subtraction occurs, while the intensity of the destruc-

tion or subtraction can be made to depend upon X. Increasing X then,

while a and /3 remain constant, will have the significance of intensify-

ing the subtraction if the same means of carrying it out is always used,

while changing the ratio 8 = fi/a means altering the mode of procedure

through which the destruction or subtraction occurs.

To refer to a concrete example, let us consider two species of fish

living together, the second of which feeds on the first. Increasing X with-

out varying either a or /? means intensifying the fishing, always employing

the same method of fishing, while changing 8 = (3/a means changing the

method of fishing.
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3. The equations (Ai) and (A 2) will become then

^! =
(€l

- a\ - y 1N2)N1 (20)

^!- (_ e2 -^X + yJfJN* (20')

If €/ = €l — a\ > the fluctuation will occur with a period T (§3,

No. 4). The number of individuals of the first species subtracted in the

time dt will be

a\Nidt.
}

and during the period T

akNidt,

whence the average of individuals subtracted in the unit of time will be

P = | C
T
akNidt = y [

T
Nidt.

But since from §3, No. 7

U
T
Nldt = !l±^ = *',

72 72

we have

a\(e 2 + j8X)P =
75

As d — a\ > 0, the upper limit of X will be ei/a and consequently the

upper limit of P will be

72

If we refer to the concrete example of fishing, we may conclude that,

if the same method of fishing is maintained (that is if 8 is constant), the

average quantity of the first species, caught in the unit of time, during

a cycle of fluctuation, can not exceed Pm , though it may approach this

number as closely as we please.

Also we may say that Pm will be greater according as the harmonic

ratio 5 is greater.

4. If X exceeds the value ei/a so that

ci - a\ < 0,

then the fluctuation will cease to exist, both the species will tend to

disappear (see §4) and we shall have the case denoted in §4 with the

type represented in Fig. 9 in which the curve is to be read from right

to left.
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It is interesting to examine the boundary case in which X attains the

value €i/a. We arrive then at the point of transition from the type repre-

sented in Fig. 2 to the type represented in Fig. 9. As indicated in §4, we
have not considered the several cases of transition among the various

types; but we shall examine this now because the subject which we are

now treating requires it. It can serve as an example of the treatment of

the various cases of transition from one type to another.

If X = a/d the equations (20), (20') become

dNi
dt

dN 2

dt

= -yiN 1N 2)

where

€2" = € 2 + €i<5.

These equations have the integral

AT^V 72" 1 = CeyiN
\

where C is a positive constant.

Letting

x = N^'e- 72"* = CeyiN *

(21)

(210

(22)

A

c,

X
fl

Bz

0, k

V B,

*1h

a, 9, I* Ni

Fig. 14.

91 bz *2

the two curves r : and T 2 which have (Nh x) and (N2} x) respectively for

abscissa and ordinate are represented in Fig. 14, whence employing

the same mode of procedure which was followed in §3, No. 3, (cf. Fig. 1

and Fig. 2) we can draw the curve which has (22) for its equation (see

Fig. 15).

The minimum and maximum values Oi, 61 of JVi will give the two

real roots of the equation

2V7"e- 72*' = C. (22')
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When ei = €1 — a\ becomes 0, the cyclical curves of Fig. 3 assume,

at the limit, the form of the curve of Fig. 15. The lower part of the

former curves approaches the straight line segment aibi of Fig. 15. But

while the curves of Fig. 3 are traced clear around periodically, which

constitutes the phenomenon of fluctuation, the line segment a xbi can never

be traced because an infinite period of time is necessary for reaching the

point Oi. Then any point whatever on the straight line aib x corresponds

to Ni constant and N 2 = 0.

Fig. 15.

In Fig. 16 three curves are represented, I, II, III, which issue from the

same point P. Their respective equations are

I. Ni^'e-
yiNl = C'N*+'p**

II. iW'V 72*' = C"e
yiN

>

III. iW'V 72** = C"'N2he
yi\

t /V;

Fig. 16.

No. I is a curve of fluctuation which therefore corresponds to e/ >
(for this reason it is of the type of those in Fig. 2), No. II is a curve of the

type of those in Fig. 15 (curve of transition from the type in Fig. 2 to the

type of Fig. 9), No. Ill is a curve of the type of those in Fig. 9 and cor-

responds to ei — a\ negative and equal to —h. We have besides

< e2
' < e 2

" < t2'".

The curves mentioned refer respectively to the three cases in which the
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intensity of destruction of the species does not attain the limit d/a, or is

equal to it, or exceeds it.

§6. THE CASE OF ANY NUMBER WHATEVER OF SPECIES WHICH CONTEND
FOR THE SAME FOOD

1. It is easy to extend what has been done in the case of two species

living together, which contend for the same food, to the case of any
number of species.

Let us take the number of species to be n and let us assume ti,e 2 , . . . en,

to be the coefficients of increase which each species would have if alone.

Let us denote by F(Ni, N2 , . . . , Nn)dt the diminution in the quantity

of food in the time dt, when the numbers of individuals of the different

species are respectively Nh N 2 , . . . , Nn . This function will be zero for

Ni = N 2 = • - - Nn = 0; it will be positive and increasing and will

increase indefinitely with an indefinite increase in each Nr . For simplic-

ity we could take F linear, that is

F(Nh N2, • • •
, N n ) = HtlNi + d 2N 2 + • ' ' + CXnNn

where the coefficients ar are positive. But we shall leave F general.

The presence of Ni individuals of the first species, of N 2 of

the second, etc. will influence the coefficients of increase reducing

e r to er — y rF(Ni, - - '
, Nn) where the positive coefficient yr measures

the influence which the diminution of the food has upon the increase

of the species.

We shall have then the differential equations

^ = Nr [er - y,F(-Nu •
, Nn)\, (r = 1, 2, • • •

, n) (23)

from which follows

1 dNr 1 dNs _ er _ €8

y rNr dt ysNs dt ~ yr y s

and integrating and passing from logarithms to numbers

i

iV>

where C is a positive constant.

2. Let us arrange the ratios e r/y r in order of size, that is let us

suppose 1

s.>*>*> ... >,±,
Tl 72 73 7n

then we shall have, if r < s

x Let us exclude the cases of equality as of infinitesimally small probability.
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lim JW»—
i " cc '

* = oo N s

ys

As a consequence of this result either N r , can, with increase of time, take

values as large as we please, or

lim Ns = 0.

t = oo

But the first case is to be excluded, because F increases indefinitely

with indefinite increase of Nr , therefore in (23) the second member
becomes negative when Nr exceeds a certain limit; whence the upper

limit of Nr is finite. Then the second case must hold. From this it

follows that all the species tend to disappear except the first.

To have the asymptotic variation of iV\ it will suffice to repeat what

has been done in the case of two species alone.

§7. CASE OF ANY NUMBER WHATEVER OF SPECIES SOME OF WHICH
FEED UPON OTHERS

1. Let us consider the case of n species and let us suppose that the

encounter of two individuals of different species always carries a result

favorable to the species to which one belongs, and unfavorable to that

to which the other belongs, or else a zero result for both. If Nr is the

number of individuals of the species r and N s the number of individuals

of the species s the probability of an encounter of an individual of one

with an individual of the other will be proportional to NrNs whence

we can assume that the number of encounters which take place in the

unit of time is equal to mrsNrNs . Let us suppose that at each encounter

there are destroyed prs individuals (prs will evidently be a fraction) of

one of the two species, for example of the species r, then in the unit of

time mfsPrsNrNs individuals of this species will be destroyed. Let us

see how the influence that this has on the number of individuals of the

other species can be calculated.

A rough calculation can be made in this way: Let us denote by

|8i, /32 , . . . , fin the average weights of all the individuals of the n species

and by Pi, P2 , . . . , Pn the total weights of all the individuals belonging

to each species. To get the number of individuals of each species it will

suffice to take

Now if an individual of the species r is eaten by individuals of the

species s the weight P r will become Pr — (3r while the weight Ps will

become Ps + (3, and for this reason the respective numbers of individuals

of the two species will become roughly
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*-*,-!, ?!+*:-*•.+ %.
Pr

' '

Ps
"

' ft

Then in a very rough way we can say that in the unit of time, by virtue

of the encounters of individuals of the species r with individuals of

the species s, the diminution of individuals of species r will be given by
mrsprsNrNs

and the increase of individuals of species s, also in the unit of time, will

be given by

7ilrai r8lS rlS a
~- •

Ps

Letting mrsp18pr ,
= ar8 the diminution of individuals of the species r

will be

-araNrNs

Pr

and the increase of individuals of the species s will be

-arsNrN8

Ps

or also letting ars = — asr (supposing asr to be negative) we can say

that in the unit of time, by virtue of their encounters, the numbers of

individuals of the species r and of the species s increase respectively by

-aarNrNs ,
arsNrNs ,

Pr Ps

and hence in the time dt, through their encounters, they increase respec-

tively by

- asrNrN8dt, - OrsNrNsdt.
(3r Ps

The same can be said of each other pair of species. In other words the

numbers 1/Pi, I/P2, • ,
l/]8» have been assumed as the equivalents of the

individuals of the various species. In fact to grant that l/pr individuals

of the species r can be transformed into l/ps individuals of the species s

means that l/pr individuals of the species r are equivalent to l/ps individ-

uals of the species s. Thus, taken in a very rough first approximation,

we have as equivalent the reciprocals of the average weights, but it will

suffice for us to take as hypothesis the existence of equivalent numbers, even if

these do not coincide with the reciprocals of the average weights, in order

to obtain the same results which we have now secured.

2. Let us call er the coefficient of increase of the species r while that

is alone, then if all the n species live together we shall have for the increase

of the individuals iVr in the time dt

1
n

dNr = trNrdt + _ V aaTNrN8dt,

p r~4

8



dNr

dt

APPENDIX 435

whence we shall have the differential equations:

or likewise

(B) (3r

d

^
r = ( tSr + j?a8rNANr ,

(r = 1, 2, . .
, n)

in which

ars = — asr ,
arr = 0, (3U j82 ,

• • •
, |8„ > 0.

In the case of two species only, one of which feeds upon the other, we
have considered the equations (§3, No. 1)

-^ = (€i - yiN2)Ni, -jjT = (-«s + y 2N 1)N2 .

If we put

^21 012_ 7I _ 72 =

these equations assume the form (B), with the need only of writing e 2

instead of —e 2 and understanding that e 2 is negative. We see therefore

that in this case there is no need of a special hypothesis.

For an association of n species we must distinguish the case in which

the number of the species is even from that in which the number is odd.

In the first case the following statement can be proved: If there

exists a stationary state, 1 placing the species in any state whatever different

from the stationary state, the number of individuals of each species will remain

limited between two positive numbers.

3. We must now establish some definitions in order to enunciate

certain propositions without ambiguity.

If N(t) indicates the number of individuals of a species and always

remains included between two positive numbers, the species will be

said to have limited variation between positive numbers.

If N(t) approaches zero this signifies that the species is exhausting

itself or also that the variation consists in a depletion.

If N(t) is limited between two positive nunbers, N(t) will be said

to have fluctuations if for t > t (for t however large) N has maximum
and minimum values.

The fluctuations will be said to be damped if the oscillation (the differ-

ence between the upper and the lower limit) of N(t) for t > t can be made
as small as we please by sufficiently increasing t . In this case and

1 That is a system of positive values of Nh iV 2 , . . . , Nn satisfying the equation?

n

- er/3r + ^a&rN, (r = 1,2, • • •
, n).
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in this case only the fluctuations permit that N approach a fixed and finite

limit for t = oo

.

N(t) will be said to vary asymptotically and to approach asymptotically

the limit q, if N(t) has no fluctuations and approaches the fixed and finite

limit q for t = °o

.

The limits for t = oo of the averages of JVi, N2, . . . , Nn in the

time t t, will be called the asymptotic averages.

4. For an association of an even number of species we now express

the following general propositions, omitting the demonstrations

:

(I) // there exists a stationary state for the biological association, the

numbers of individuals of each species are limited between positive numbers,

fluctuations always existing which are not damped, and the asymptotic aver-

ages of the numbers of individuals of all the separate species are the values

corresponding to the stationary state.

(II) The deviations from the stationary state can be made as small as we

please, provided the initial state is sufficiently near to the stationary state.

In other words:

The stationary state is always a stable state. 1

(III) The small fluctuations of n species living together can be obtained

by means of the superposition of n/'2 fluctuations not damped and each having

a period of its own.

As in general the periods T ih) will be incommensurable with each

other, so the resulting fluctuation will not be periodic. Let it be observed

that the number of the periods T {h) is equal to half the number of the

species living together, but let it be called to mind that the laws of fluctua-

tion now obtained hold in the case in which the number of species living

together is even.

To summarize, the three theorems which we have designated by I,

II, III, can be considered as three general laws of variation of an even

number of species living together.

We can also enunciate the proposition.

In order that there may exist a stationary state and ensuing fluctuations,

some of the coefficients er of increase must be positive and others negative,

that is to say:

// by themselves all the species increase or all decrease, neither a stationary

state nor ensuing fluctuations can exist.

If the number of species is odd it is not possible that the number of indi-

viduals of each species should stay limited between two positive numbers.

To thoroughly understand the significance of this theorem it is neces-

sary to consider it as a purely theoretical result. Let us observe in the

meantime that if one of the species should tend toward depletion, the

number of the species will tend to become even and we shall return to

the case considered previously.

1 The stability here is thought of in the sense analogous to the stability of equilib-

rium in mechanics.
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But if the number of individuals of one of the species should increase

indefinitely, it can be recognized that equations (B) will no longer be valid.

In fact we have supposed the e r constants, that is to say independent of

the number of individuals present, which can be allowed if this number

does not exceed a certain limit, but beyond this it cannot be true any

longer, whence the equations will be modified, at least for the changed

value which will have to be attributed to the constants er , in order to

arrest the increase of that species which would increase indefinitely.

§8. EXTENSION OF THE THREE FUNDAMENTAL LAWS ON FLUCTUATIONS
TO THE CASE OF ASSOCIATIONS OF ANY NUMBER WHATEVER OF

SPECIES

1. In §3 three fundamental laws on the fluctuations of two species

living together have been stated. What is the extension of these to the

general case of n species?

In §7 it has been stated that in the case of an even number of species,

if thefundamental determinant (the determinant of the system of equations

B) is different from zero and if there exists a stationary state of the species

without depletion, the variations of the numbers of individuals of the several

species are limited between positive numbers and some fluctuations always

exist which are not damped. Thus is enunciated the extension of the first

law relative to two species. Evidently with this extension the property

of periodicity is lost while that of fluctuation remains.

2. Let us admit as verified the aforementioned hypotheses and let

us begin with an observation with regard to the extension of the second

law (that is to say that of the invariability of the averages of the number
of individuals) which, lacking periodicity, can not specify the duration

of the time in which the averages must be taken. But we know that,

taking the averages for infinitely long durations of time, these approach

the roots of the equations of equilibrium. Now these roots are independ-

ent of the initial conditions, whence the second law remains unaltered if

we take as averages (cf. §7) of the numbers of individuals of separate species,

the limits of the same averages for infinitely long durations of time (asymp-

totic averages).

3. The question now is to see what form the third law will assume in

general, namely the law of disturbance of the averages, always granting

as verified the aforesaid hypotheses. For the averages of the numbers of

individuals of the several species we shall always assume the asymptotic

averages.

In the third law (§3 No. 8) a distinction is made between the species

that is eaten and the species feeding upon the other. When we pass to

more than two species, it may be that the individuals of one species are

eaten by those of another and themselves feed upon the individuals of

a third species. Wishing to keep the distinction between species that

are eaten and those feeding upon others it is necessary to admit that if
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a species A feeds upon another there is not any species that eats A and
hence that if a species B is eaten by another, it does not feed upon any
other species of the biological association.

4. Now we can state the theorem that if we keep the preceding

hypotheses the numbers of the species eating others must be equal to the

number of the species fed upon.

Whence we can suppose that n = 2p and that the species 1,2, . . .
, p

are feeding upon others and the species (p + 1), (p + 2), • • •

, 2p are

fed upon. Then for the existence of a stationary state ei, e2 , . . . , ep

must be negative and ep+ i, ep+2 , . . . , e2p must be positive.

Now let us increase

M, |C2|; • • • , \eP
\

and let us diminish

|€p+l|,
|

€P+2|> • • • j |€2p|

namely, let us destroy one set of species as much as the other in propor-

tion to the number of individuals which they have respectively. Some
one of the

NP+i, Np+2> . . . , N2p

satisfying the equations of equilibrium will have to increase and some

one of the

/ Ni, N2 , . . . , NP

satisfying the same equations must diminish. Reciprocally if none of the

Np+ i , . . . , N2p decreases, but all or some increase, if none of the

Nij . . . , Np increases, but all or some diminish, then |€p + i|,

|ep+2 |,
. . .

, |€ 2p |

must diminish and |e'i|, |e 2 |, . . . ,
\ep \

must increase,

that is to say, individuals of the species feeding upon others must be

destroyed, as well as of the species eaten, in proportion to their number.

It is in this that the extension of the third law consists, which (recall-

ing the significance of the roots of the equations of equilibrium) can be

enunciated as follows

:

In a conservative association of even order, with determinant different

from zero, for which a stationary state exists and the species feeding upon

others can be distinguished from those eaten, if all the species are destroyed

uniformly and in proportion to the number of their individuals, the asymptotic

averages of the number of individuals of some of the species eaten (if not of

all) will increase, and the asymptotic averages of the numbers of individuals of

some of the species feeding upon others (if not of all) will diminish.

Naturally this proposition holds up to a certain limit of destruction

(c/. §§4, 5), and if the roots of the equations of equilibrium are positive.
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§9. CASE IN WHICH THE COEFFICIENT OF INCREASE OF EACH SEPARATE
SPECIES DEPENDS ON THE NUMBER OF INDIVIDUALS OF THAT SAME

SPECIES

1. Various times in preceding sections we have had occasion to con-

sider cases in which the calculation would lead to an indefinite increase

of the number of individuals of one or more species. Such a result must

be considered theoretical and we have not failed to give explicit warning

on this as in No. 1 of §4, observing that with the increase of the number
of individuals the equations must become invalid, and in particular that

the coefficients of increase must be modified because of the indefinite

increase in the number of individuals.

This necessitates a consideration of the influence which the number
of individuals of one species has upon its coefficient of increase. It is

evident that this effect can be neglected as long as the number of individ-

uals does not exceed certain limits, but it is necessary to take it into

account when the calculation leads to an infinite increase of individuals.

Let us see how this can be done.

In the case in which only one species exists, and if we admit the coef-

ficient of increase as constant and equal to e, we shall have

dN
-T- = eN
at

where N denotes the number of individuals, whence

N = N e
et

where N is the initial number of individuals. If e is positive N will

increase indefinitely.

Now let us suppose that the coefficient of increase is not constant, but

is given by e — \N where e and X are positive constants. We shall have

1 + C\e< 1

and hence
lim N __ €,,

i = oo ~ X"

Corresponding changes can be made in equations (B), and from a study

of them we may state the theorem

:

// a stationary state exists and if the coefficients of increase of one or

more species decrease linearly with the increase of the number of the respective

individuals, while the coefficients of increase of the other species are con-

stants, starting outfrom any initial state whatever different from the stationary

state, we shall have for the first species either asymptotic variations or

fluctuations which will be damped. If all the coefficients decrease in the

aforesaid manner the system will tend toward the stationary state. l

1 Also if some coefficients Xr are zero, the state of the system can approach the

stationary state. (Cf. §8, No. 4.)

It is easy to be convinced with particular examples that according to different

cases there may be asymptotic variation and damped fluctuations.
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In certain ways the actions which tend to damp the increase of each

species with the increase of the number of individuals belonging to it

produce an effect analogous to that of internal attritions in a material

system, that is they damp the fluctuations.

§10. CONSERVATIVE AND DISSIPATIVE BIOLOGICAL ASSOCIATIONS

1. The considerations of the last section can be notably extended; we
shall thus be led to a fundamental classification of biological associations.

To this end let us suppose that the coefficients of increase depend

linearly in any way upon the number of individuals, not only of each

species, but of the various species and let the effects of the encounters

of individuals of different species be felt in any way whatever, but con-

stant, by the species themselves, proportional to the number of encoun-

ters, without further concern over the satisfaction of the hypothesis of

§7, No. 1.

Equations (B) then assume the general form

(O f = l* t^.V

where the coefficients e r and p rs are any constants whatever.

We can consider the e r as dependent on the constant causes of increase

or decrease of the species, and the other terms as dependent upon the

reciprocal actions of the individuals. Evidently with this there is shown
an extension of the concept of reciprocal action among the various

individuals much greater than has been done previously.

If each species were alone the er would be their coefficients of increase,

while

•

n

are the coefficients of increase of the same species as a result of their

living together. We shall call these last the true coefficients of increase

and e r the rough coefficients of increase or also we shall call them simply

coefficients of increase when confusion can not arise between the two

sets.

2. First of all we can say that it is sufficient that one of the coefficients

be positive, in order that all the species should not be exhausted.

Let the quantities a x , a 2> . . . , an be positive and let us place

n n

F(N U N 2 ,
• • •

, Nn ) = % r% a
<*rprsN.NT .

1 1
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We shall have the theorem:

7/ the form F is positive definite, there will exist a number N such that

none of the numbers Ni, N 2 , • • • , Nn can remain larger than N, starting

from a certain instant.

In fact from (C) it follows that

%^W - %a*N* - F (N» n* >
#»)•

Letting Nr = 1, let us denote by mr the lower limit of the values of

F for all possible values of JVi, N 2 , . . • , Nr-i, Nr+i, . . . , iVn .

mr will be > 0. Let m be the smallest of the numbers mh ra2 , , . . , mn .

Besides let
n

%r
\arer\<E.

l

Let us suppose that iVr after a certain instant U stays greater than

m
Let us denote by M(fa) the greatest of the numbers Ni(t 2 ), N^t*), . . .

,

Nn (t 2) where t 2 > fa.

Then we shall have

F(N..i, N 2 ,
- • •

, Nn)t-* § > mM\fa)
n

Xr<*r*rNr (t 2) < EM (fa)

1

whence it follows that

~] > [E - mM(t 2)]M(fa).
/v dNr\

Now

hence

/ t=t 2

E + 1
M(fa)> m

(

y dNr\ E+l ,. ^ M
*r°*-df) < ^T> (fa>fa\
1 /«-«,

a consequence of which would be that starting from a certain moment,
some one of JVi, N 2 , . . . , Nn would have to become negative which is

absurd, since Nr can be only positive as follows also from (C). In fact

from these equations is derived

, .
o

where Nr
° is the value of Nr for t = 0, whence as Nr

° is positive so will

E + 1
iVr remain. Therefore there exists the number N = such thatm
each Nr after a certain instant t x can not remain greater than that number.
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Combining the last two theorems now we can state the proposition

:

If at least one of the coefficients of increase is positive and if the form E is

positive definite the biological association will be stable.

The stability consists in the fact that the whole association does

not tend toward depletion, and no one species can increase indefinitely.

As the Ni are all positive so the preceding theorem can be extended

to the case in which the form F is not zero except when every iV\ = and

is positive for all positive values of the Ni.

3. We can easily see that if the form F is positive definite the deter-

minant formed with the prs can not be zero. Let us suppose that it is

zero. Then there would exist some numbers Ni, iV 2 , . . . , Nn (positive,

negative, or zero, but not all zero) which would satisfy the equation

n

1

and hence
n n

= XXsarPrsNsN r = F(N h JV 2 ,
- ,Nn )

1

which contradicts the hypothesis that the form F is positive definite.

Having made this premise, let us suppose that the equations

n

(C) *r ~ X 8
PrsNs =

1

when solved with respect to Ns give the solutions qa ^ 0. We shall have

then the identities

n

€ r = XsPrsQs
1

whence equations (C) will become

-$jr = -%
8
Prs(N8 - qa)Nr

that is by letting

NT — nT

we shall have

-Jr
= - %JMt»(n» ~ IK. (24)

From these equations it follows that

1 dn,

nr dt -Xa
pr*q*(n°

~~ *)•
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Let ar represent positive constant quantities; then we shall have

nr — 1 dn

Let us place

Xr"^^ ~J^
= -%r^sPr^rqrqS {na ~ l)(wr - 1).

t

Fdt

HiVradr + PsrOis) = mr8 = W«r, (25)

F(xu x2,
- • •

, ic„) = -^r2)s
mr8xrx„ (26)

then the preceding equation can be written

j£r
<xrqr(nr - log nr) = -F(xh x2,

• • •
, zw)

where

zr = (nr — l)gr .

Integrating and passing from logarithms to numbers, we shall have

\ni/ \n 2 / \nn )

where C is a positive constant.

If qh q2} . . .
, qn are positive, namely, if there exists a stationary state

and if a 1} a 2 , . . . , an can be so chosen that the quadratic form (26)
l

is identically zero, the numbers of individuals of the separate species will

be limited between positive numbers and fluctuations must exist which are not

damped. If a stationary state exists and if the positive constants ah
«2, . . . , an can take such values as to make the form (26) positive we
can say that the variation of the numbers of individuals of the separate species

is confined between two positive numbers; 2 but if the form is positive definite

besides this it will follow that all the variations of the separate species will be

asymptotic or there will be damped fluctuations which make the biological

association tend toward the stationary state.

The proof of this proposition is analogous to the proof of the proposi-

tion of §9.

Besides we find that every time the form (26) is positive the limits of the

average ofN i, N 2, . . . , Nn in intervals oftime increasing indefinitely will be

qi, qi, • • • , qn.

The expression F can be written

n n

F = %£«'P'*Wr - gj (AT, - ?,). (27)

1 1

In §9 the action damping the fluctuations has been compared to an

internal attrition. The preceding form F can be taken as a measure of
1 In this case, in order that the determinant of the prs be different from zero, n

will have to be even.
2 This property leads at once to the recognition that the limits of the averages

of Ni
f -^2, ... f Nn in. intervals of time increasing infinitely are qif q 2, ...

, qn .
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this damping action, which characterizes the tendency toward the

stationary state of the group of all the species, and in fact, if F is zero the

biological association will not tend toward a limit state, while if it is

positive definite the association will tend toward the stationary state.

We shall call the form F(xi, x 2) . . . , xn) the "fundamental form"

and the equations (C) the "equations of equilibrium." We exclude

the case in which these equations have zero roots, that is we exclude the

possibility that the stationary state can coincide with the exhaustion of

any one of the species.

4. Now we can review the hypothesis of §7, No. 1, and get a deeper

insight into its significance.

Let us suppose we give to each individual of the species r a positive

value a r . The value of the whole biological association will be
n

V = ^.a rNr whence, from the equations (C) will follow

i

n n n

dV = ^,arerNrdt - ^^ a
priarNrN8dL

l l l

The increase of value of the biological association in the time dt consists

then of two parts

dVi = ^ar€ rNrdt

dV 2 = ZfJ?,Pr8(XrNrN,dt.
1 1

The first is due to the constant causes of increase and decrease of each

species (particularized by e r ), and the second is due to the reciprocal

actions of the various individuals in the general sense understood before.

If the a r can be chosen in such a way that dV2 be zero whatever may
be Ni,N 2 , . . . , Nn , the value of the biological association will not change

in consequence of the reciprocal actions of the individuals. A biological

association of this nature, namely in which it is possible to assign to the

separate individuals such values that their reciprocal actions keep the

value of the entire association constant will be said to be conservative.

Evidently for a conservative system the hypothesis of §7, No. 1 is satisfied.

Reciprocally, if that hypothesis is holding and the reciprocal actions

between individuals of the same species are negligible, the biological

association will be conservative.

Absolutely conservative biological associations are probably ideals

which can only approximate the conditions effective in nature. But a

special example of conservative systems is considered in §7, No. 2.

When to separate individuals there can be assigned values (equal for

those of the same species) such that the fundamental form F be positive
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definite the reciprocal actions between individuals will tend to diminish

the value of the entire association which can therefore be called dissipa-

tive. It seems that in many real cases biological associations must

approximate dissipative associations.

§11. GENERAL THEOREMS ON CONSERVATIVE AND DISSIPATIVE
BIOLOGICAL ASSOCIATIONS

1. A proposition can be stated which says the value of a conservative

biological association: (1) approaches zero if all the coefficients of increase

are negative and only when all are negative; (2) approaches infinity if all are

positive. 1

The first part of this proposition can be extended to dissipative systems.

In fact from (C) using (25), it follows that

n i\t n n n

If the form

3mrsN rN3XX.,
i

is positive definite or semi-positive definite then

and if

er < - e, (r = 1, 2, • • •
, n)

e being a positive quantity, we shall have

n n

^a rNT < ^arNre ^

which proves that the value of the biological association approaches

zero if all the coefficients of increase are negative; then in order that

the biological association should not exhaust itself it is sufficient that

one only of these coefficients should be positive (cf. §10 No. 2).

As for the second part of the preceding proposition, by virtue of

what is shown in §10, No. 2 it must be replaced by: the value of a dissipa-

tive biological association stays limited.

For a conservative association it is possible to prove the following

theorem: None of the several species can either exhaust itself or increase

indefinitely in a finite time.

2. Let us pass to the case of dissipative associations: For these we
know that the number of individuals of each species is limited, but it

can be proved that the number can not however become zero in a finite

time.

1 In this statement we have excluded the case of zero coefficients of increase as

we shall also exclude it in the extension of the proposition.
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The conclusion will be: In a dissipative association no species can

exhaust itself in a finite time, whereas the number of individuals of each

species is limited.

3. Then we can state the theorem: In order that in a dissipative

association or in a conservative association of even order (with determinant

different from zero) the number of individuals of each species should remain

between positive numbers, a necessary and sufficient condition is that the

roots of the equations of equilibrium be positive.

§12. FLUCTUATIONS PECULIAR TO THE SYSTEM, FORCED FLUCTUATIONS,
AND THE PRINCIPLE OF THEIR SUPERPOSITION

1. In equations (C) of §10, which can be considered as the most

general and as summing up all those preceding, we have supposed that the

coefficients of increase er be constants; but really these change and in

general their changes are periodic or due to the addition of more periodic

terms. Certainly in all practical cases we shall have to consider an annual

period in connection with the changes of seasons and meteorological

conditions. But nothing precludes the existence of other periods.

Let us try to take account of these periodic disturbances of the coef-

ficients of increase, for which let us substitute

er + gr
' cos kt + Qr" sin kt

for er where g r '
, gr

" and k are constant quantities.

Equations (C) will become

n

= (er + gr cos kt + gr
" sin kt — ^s

prsNs)NrP)
dnr

~dt

and (24)

dnT

dt
= (gr

f

cos kt + gr
" sin kt — ^£.3Prsqs (ns — l))nr

l

in which we shall suppose each qs positive.

Let us observe that er are the average values of the coefficients of

increase during the period 2r/k ; we can then state the theorem : If the

coefficients of increase are periodic and their average values differ little from

the changeable values, and if taking these average values as the coefficients of

increase, there result asymptotic variations or damped fluctuations or fluctua-

tions not damped near to a stationary state (variations peculiar to the system)

,

then for small fluctuations corresponding to periodic coefficients of increase

the principle of superposing on the forced fluctuations the variations peculiar

to the system will be applicable, that is to say small fluctuations will be

obtained, superposing on the variations peculiar to the system those which are

forced having the period of the coefficients of increase, when that period

does not coincide with any of the periods of the casual fluctuations peculiar to

the system.
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§13. DISTURBANCE PRODUCED IN A BIOLOGICAL ASSOCIATION HAVING
A STATIONARY STATE BY THE ADDITION OF A NEW SPECIES

1. By using results of preceding sections we can state the following

theorem: 7/ a stationary state exists for a certain biological association,

but by adding a new species to it the possibility of the stationary state is

lost because the equations of equilibrium have a negative root for the number of

individuals of the species added, the small variations of the whole association

(supposed dissipative) will consist of a variation of the original association

near to its stationary state superimposed on a depletion of a new species. l

For this reason the species added will tend to a depletion and the others

will approach a variation near to the stationary state, whence the

addition of the new species will produce a disturbance which will tend

to disappear.

§14. STUDY OF A PARTICULAR BIOLOGICAL ASSOCIATION OF THREE
SPECIES

1. As an example of the treatment developed previously let us examine

a particular case which, because of the theory shown above, can be

treated mathematically in full.

Let us suppose three species living together in a limited environment,

for example on an island. Of these three species let the first eat the

second and this the third and not vice versa. For example we can take a

species of carnivorous animals that feed upon an herbivorous species and

this in turn feeds upon a vegetable species, admitting that for this last the

same treatment holds as that used for the animals. Another example is

furnished by plants their parasites and parasites of these parasites.

2. Let us admit the biological association to be conservative (cf. §10).

If we indicate the number of individuals of the three species by

JVi, N2 , Nz we shall have equations (see (B), §7, No. 2).

^Jr
= (/3iei + a * iN * + a*iN^Ni

P*^ = (fe + Oi*!Vi + as 2N3)N2

/3 3^-3 = (fe + auN, + a2SN2)N*

where /Si, £ 2 , Pz are constant quantities.

In our case we must take

ci = — I < 0, a 2 i
= a > 0, a 3 i

= 0,

e 2 = —m < 0, a i2 = — a < 0, a 32 = b > 0,

e 3 = k > 0, an = 0, a23 = — b < 0,

where a, b, I, m, k are constant quantities.

According to values of these coefficients of increase and of voracity

and values of /3 1; /3 2 , j8 3 , the following cases and subcases can be presented

:

1 It is opportune to compare this theorem with that of §11.
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Case 1

:

fcka - QJb <

The food furnished to the carnivori by the herbivori is not sufficient to

maintain the carnivorous species and this is depleted, while the herbivori

and the plants tend toward a periodic fluctuation not damped. (We
can suppose the coefficient of increase of the plants, k, to be constant

because in this case the vegetable species can not increase indefinitely.)

Case 2: fcka - pjb >

If the coefficient of increase of the vegetable species were constant, the

number of individuals in it would grow indefinitely, hence it is proper to

suppose that this coefficient decreases proportionally to the number of

individuals.

Subcase a.—The food provided by the plants is not sufficient to

maintain the herbivori, hence the herbivorous species and the carnivorous

species die out, while the vegetable species tends toward a constant value.

Subcase b.—The plants are sufficient to maintain the herbivori, but

there is not sufficient food for the carnivori through the herbivori, hence

the carnivorous species is depleted, while the herbivori and plants tend

toward a damped fluctuation, and finally to a stationary state.

Subcase c.—The food is sufficient so that all the species live, and

through asymptotic and damped variations they all tend toward a

stationary state.
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"a" point, 49

A vitamin, 158

Abbott, C. H., 27

Abyssal, 285

plain, 253

Acidity, 148

Acquatic communities, biotic charac-

teristics of, 280-285

physical characteristics of, 261-275

Actinometer, 11

Adams, C. C, 2, 219

Adamstone, F. B., 247, 285, 335, 337, 340

Aestival, 386

Agassiz, Louis, 248

Agriculture, 340

Agrilus bilineatus, 242

Air, dehumidifying, 94

humidifying, 94

Aktinophotometer, Heyde, 11

Alabama argillacea, 137

Albuminoids, 169

Aleurobius farinae, 97

Alkalinity, 148

Allee, W. C, 28, 139, 239, 296

Allen, W. E., 355

Alphitobius piceus, effect of vacuum on,

131

Altitudes, 137

Aluminum, 366

Amino acids, 319

Ammonia nitrogen, 320

Amoeba, protozoa, 240

Amphibia, 297

Amphibious organisms, 84

Andrews, E. A., 103

Anemometer, Buram's portable, 136

Robinson's cup, use of, 135

Anemotropism, 139

Aneroid barometer, 128

Angstrom, Anders, 11

pyrheliometer, 11

units, 9, 18

Animal ecology, subject matter of, 3-6

Animals, communities of, 42, 385

ecological groups of, 323

geographic distribution of, 105

homoiothermic, 42

limnopelogic, 323

poikilothermic, 42

population data, 402

taxonomic groups of, 323

xerophytic, 84

Anobium paniceum, 164

Anthrenus fasciatus, effect of vacuum
on, 131

Anthrenus museorum, 170

Aphids, 163

Aphytal-p\a,nt\ess, 339

Aquatic synecology, 247-257

Arcella, 64

Arctics, 64

Areas, biotic, of North America, 225

Arktogaisches Reich, 225

Arrhenius, Svante, 45, 47, 151, 366, 385,

388

Arthropod groups, distribution in depth,

371

Association, biological, 412, 428

conservative, of even order, 438

and dissipative biological, 440

elm-maple forest, 399

grassland, 385

of two species, one of which feeds upon

other, 414

periodic fluctuations, 419

of two species which contend for same

food, 412

Atmometer, 12, 89

of Livingston, 90

rate-recording, 92

of Reinhard, 91

Atmosphere, currents of, 135

effect of, on distribution of animals,

136-138

measuring, methods of, 135

Attagenus piceus, effect of vacuum on, 131

Autecology, 5, 205

biotic, 6, 181
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Autecology, biotic, factors in, 181-200

interpreted, 6

physical, 6, 181

Autonarcosis, 123

Autotrophic, 157

organisms, 157, 158

Averages, invariability of, of number of

individuals, 437

law of conservation of, 215

law of disturbance of, 216

B

B vitamin, 158, 166

Babcock, S. M., 120, 125

Bachmetjew, P., 17, 23, 34, 58, 60, 61,

64, 65, 68, 69, 103, 113

Back, E. A., 131, 132, 142

Backman, Harry O., 361, 362

Bacteria, abundance of, 367

symbiotic, 164

Baldwin, S. P., 42

Ball, John, 226

Bar-eye, 69, 70

full-eyed, 69, 70

mutant, 69, 70

ultra, 69, 70

Barnes, J. H., 243

Barney, R. L., 341

Barographs, 129

Barometer, aneroid, 128

Barriers, physical, 181

Barrows, W. B., 197

Basswood maple forest, 392

Bates, Carlos, G., 90, 91

Baumberger, J. Percy, 125, 158, 159, 163,

167, 168

Bayliss, W. M., 34, 47, 158, 159, 248

Bee, honey, 43

Beetles, water, 59

Belcard, 17

Bembix, 171, 380-382, 385

Bembix, pruinosa, 172, 384

Benthic, 280

fauna, of aestval pond, 300

organisms, 336

Benthonic organisms, quantative meth-

ods for study of, 285

Benthos, 308-331

definition of, 285

Bertholf, L. M., 166, 170

Beta rays, 20

Beutenmiller, William, 406

Biedermann, 24

Biocenology, 203

Biocoenose, 2

Bioechology, 4

Biotic areas, of North America, 225

Biotic autecology, 6

Biotic characteristics of the sea, 257

Biotic potential, 182, 184, 189, 195, 196,

204, 210, 216

constant of, 185, 189

against environmental resistance, 185,

194, 197, 205, 338

of fauna, 298

against physical resistance, 194, 205

significance of, 183, 189

Biotic resistance, 205-212

Birge, Edward E., 247, 248, 261-266,

268, 270, 271, 273, 281, 283, 309-

312, 314, 316, 318, 321, 324-327, 330

principle of, 313

Birth rate, 195

Bivoltine, 124

Blackman, M. W., 239, 241

Blow fly, 27

Bodenheimer, F. S., 53, 73, 229

Bodine, Joseph H., 114, 142

Bog, tamarack, 391, 392

Bogdanow, E. A., 168

Bogs, formation of, 235

Bombyx mori, 17, 124

Bongards, Hermann, 85

Boorman, W. R., 312, 322

Borradaile, L. A., 2

Bottom, clay, 338

mud, 338

sand, 338

Bouyoucos, George, 88, 364

Bovard, J. F., 312, 322

Branchipus, 297

Brannon, M. A., 317

Brauer, A., 247

Brevicoryne brassicae, 184

Brown, H. B., 352

Brown, Minnie E., 321, 322

Bruchus obtectus, 61, 97

Brues, Charles T., 162

Bryant, H. C, 208

Buchanan, J. Y., 310, 322

Buchner, P., 166

Buckle, Philip, 405

Buffon, de, Georges L. L., 1, 235

Bunsen-Roscoe law of light intensity, 18,

26
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Buprestidae, 72

Burger, Bruno, 100

Burgess, A. F., 137

Burns, A. C, 362

Buxton, A., 373, 374

radiation integrator devised by, 12

C vitamin, 158

Cabinets, for control of temperature,

93

Carrier's, 93

Caenus, 338

Calcium, 270, 360

Callibaetis, 298

Cambarus-Eucrangonyx, 387

Cameron, A. E., 368, 369

Canfield, H. L., 341

Capillary water, 88

Carbohydrate, 166, 169

cycle, 159

Carbon dioxide, 130, 141, 144, 255, 271

content, 297

fixed, 273

half-bound, 273

Carrier, W. H., 85

cabinets, 93

Carter, Walter, 12, 62, 100

Catabolism, 172

Cecidomyid flies, 168

Cerambycidae, 242

Ceratitis capipata, 214, 229

Ceratium, 323

Chain of factors, 206

Chalkley, H. W., 92

Challenger deep, 253

Chamber, dehumidifying, 93

Chamcook Lake, 265

Chapman, Royal N., 58, 72, 182, 186,

242, 243, 347, 380

Chezy's formula, 348

Chironomidae, 305, 337

Chironomus, 133, 334, 335, 341

Chirotonetes, 138, 353, 355

Chlorion, 380

Chorology, 6, 203, 219-230, 239

Chromatophors, 24

Chromogen, 67

Chromosomes, 25, 68

Chronology, 6, 232-244

Cicindela lepida, 381

formosa, 381

Cirphis unipunctata, 229

Clark, W. M., 147, 148, 149

Clemens, W. A., 138, 248, 348, 350, 353,

357

Clements, F. E., 212, 233, 236

Cleveland, R. L., 142, 143, 164, 170

Climatic climax, 386

Climatology, 203, 233

Climax, climatic, 386

forest, on Isle Royal, 236

formation, 235

oak-maple, 396

Climograph, method, 226

white-race, 226

Cockroach, 143

Coefficient, hydroscopic, 364

hygroscopic, 86, 87, 88

soaring, 137

wilting, 88

Coefficients, of increase, 426

Cog psychrometer, 86, 87

Coker, R. E., 317, 352

Cole, A. E., 143

Cole, F. J., 132

Cole, W. H., 134

Coleoptera, 59, 297, 337, 402

seasonal occurrence of, 403, 404

Colias, 65, 67, 145

Collembola, 99

Collins, C. W., 137

Color pattern, 66

Coloration, protective, 23, 190

Colpoda, protozoa, 240

Comfort, equal, chart of, 111, 112

Competition, of plant succession, 236

Competitors, action of, 212, 217

Conditions, optimum, 189

pessimum, 189

Conopidae, 384

Constant, for time and temperature, 73

Constant number, 208

Continental shelf, 253

Cook, W. C, 227-229

Cooke, M. T., 196

Cooper, 236

Corethra, 133, 334, 335, 337, 338, 341

Cosmic rays, 10

Cossus cossus, 130

Cotton, R. T., 131, 132, 142

Cowles, H. C, 236

Cowles, 274, 275, 297

Craighead, F. C, 162

Creaser, Charles W., 352
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Crustacea, distribution of, in Lake Pepin,

354

Cryptolestes pusillus, effect of vacuum
on, 131

Cryptotermes, 143

Crystal Lake, Minn., 274

Curve, of moisture condition, 228

of optimum temperature, 228

Cycle, carbohydrate, 159

law of periodic, 215

moisture, 85

nitrogen, 159

Cynips, 395

D

D vitamin, 20, 158

Dahl, F. T., 219, 225, 244

Dalphnia, 285

D'Ancona, Umberto, 207, 215, 410 n,

411 n, 425 n

Darkness, alternating light and, 22

continual, 21

starvation in, 22

Dasymutilla bioculata, 171, 381, 384

Davenport, C. B., 17, 34, 58

Davey, 17

Davidson, J., 163

Davies, Maldwin W., 99

Dawson, Ralph Ward, 58, 125

Day, length of, insects affected by, 21

Daylight lamps, 41

Deeps, 253

Degner, H. J., 235

Dehumidifying, 94

Delcourt, P., 167

Dendy, A., 97, 103, 142, 144

Denitrifiers, 159

Dermestes vulpinus, effect of vacuum on,

131

Desiccation, forces of, 101

Destruction, intensity of, 428

Development, rate of, 53, 110

Dew point, 86

Dewar flask, 40

Dewitz, J., 97

Dice, L. R., 225

Dichasma tryoni, 214

Dicyphus, 396

Dilachmus piceae, 138

Diptera, 59, 144, 297, 352

Distribution, altitudinal, of trichoptera,

133

Distribution, geographic, of animals, 105

of pale western cutworm, 228

Dixippus morosus, 67, 173

Dodds, G. S., 133, 134

Dolly, W. L., 27

Domogalla, B. P., 318

Dormancy, 42, 43, 61, 62, 64, 122-126

Dorn, Anton, 248

Drew justophot, 11 n
Drosophilla, 18-20, 22, 25, 65, 68-71,

97, 133, 134, 167, 168, 183, 184, 213

crossing over in, 68, 69

eggs, 18-20

genetics of, 25

mutations in, 25

susceptibility, to arrays, 19

Du Rietz, Einar, 6

Dyclaux, Jacques, 248

Dynastes tityrus, 103

E

E vitamin, 158

Ecesis, of plant succession, 236

Ecological plant succession, 235-238

Ecological Society of America, 3

Ecological succession, definition of, 233

general conception of, 233

Ecology, animal, subject matter of, 3-6

applied, 404

definition of, 4

individual, 5

Ectophotometer, 13

Eddy, Samuel, 240, 298

Ege, Richard, 144

Eggs, hatching of, 57

Ekman, Sven, 247, 285

dredge, 299, 300, 355

Electrolytes, 147

Elkington, H. D., 97, 103, 142

Elm-maple forest association, 399

biotic conditions in, 400

evaporation in, 400

humidity, 401

mean temperature of, 401

physical conditions in, 399

Elton, Charles, 2, 138, 207, 219

Elwyn, A., 97

Embryo, wheat, 166

Emerson, Paul, 361, 362, 366

English Sparrows, 196

Energy, radiant, 8

Entomobrya multifasciata, 100

Entomology, economic, 404
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Entwicklungsmechanik, 64

Ephemerida, 297, 337, 338, 353

Ephestia kuehniella, 243

effect of vacuum on, 131

Equal comfort, chart of, 111, 112

Equilibrium, of biotic systems, 215

stable, 211

unstable, 208

Equivalent numbers, existanoe of, 434

Erosion, 85

Escherich, K., 164

Ethology, definition of, 1

Euglena, 275

Evaporation, 85-87, 89, 92, 95, 102

Evaporimeter, 90, 91

of Bates, 90, 91

Evarthrus sodalis, 104

Fabre, J. H., 244

Fahrenheit, 35

Fauna, of the log, 393

Faunal regions, of the world, 220

Felt, E. P., 137, 395

Fielde, A. M., 134

Fink, D. E., 114, 141

Fitch, Asa, 229

Flagellates, per gram of soil, 363

Flight, 105

altitudes, 137

Flow, rate of, 349

Fluctuations, 435

forced, 446

laws of, three fundamental, 437

Fly-free date, 224

Folsom, Justus W., 23, 58

Food chains, in nature, 2

Food habits, of insects, 160-170

Forbes, S. A., 206, 207, 304, 345

Forel, F. A., 247, 248, 261, 263

Formation of pigment, action of ultra-

violet rays on, 23

Fourier, J. B. J., 182

Frog, 143

Frost, S. W., 395

Frost, perpetual, 364

Furiotile lakes, 347

Galtsoff, P. S., 348-350, 354, 355

Gamma rays, 20

Gammeridae, 297

Garrett, F. C., 173

Garthside, Stanley, 398

Gases, distribution of, in altitude, 141

effects of, on distribution of animals,

145

on morphology of animals, 145

on physical and chemical processes,

142

on rates of biological processes in

insects, 142-144

as factor in animal ecology, 142-144

measuring, methods of, 141

in water, 271, 322

Genes, 25

Geopinus, 377, 380, 381, 382

aequale, 378, 384

Geotropic, 133

Geotrupes, nutrition of, 169

Gerould, J. H., 65, 67, 145

Gibbs, Willard, 216

Gill net, 330

catches, 331

Glaciation, influence of, 219

Gleason, II. A., 235, 237
Gnathocerus cornutus, effect of vacuum

on, 131

maxillusus, 131

Gobi Desert, 374

Goebenthos, 333

Gorczynski, pyrheliometer of, 11, 12

Gortner, R. A., 67

Graham, S. A., 12, 59, 90, 241, 389, 393,

395

Grasshopper, 51

Grassland associations, 385

Groves, H. S., 389, 390

Gray, H. E., 86, 87

Greenwood, M., 130

Grinnell, Joseph, 207

Grove, A. J., 243

Growth, 96

function, analysis of, 195

Gryllus assimilis, 378, 379

Guerinia serratulae, 229

Guyenot, E., 167, 168

G H

Gail, F. W., 265, 280

Galleria Melonella, 170

Haberlandt, G., 163

Habrobracon, 67
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Haeckel, Ernst, 2

Hail, 100

Halbfass, W., 261, 312

Haldane, J. S., 144

Hall, Ada R., 152

Halobetes, 257

Hamilton, Clyde C, 103, 104

Handlirsch, Anton, 3, 160

Harkness, W. J. K., 335, 337

Harrison, J. W. H., 173

Hart, C. A., 353

Hartzell, F. Z., 37, 38

Harvey, R. B., 15, 39

Hase, Albrecht, 23, 42

Hayes, W. P., 364

Hazards, value of, in life of parasite, 211

Hazelhoff, 100

Headlee, Thomas J., 94, 97, 98

Heat, 34

and moisture, effect of, 107

Hegner, R. W., 64

Heitz, E., 164

Helland-Hensen, Bjorn, 248, 253-262,

264

Hemiptera, 297, 402

seasonal occurrence of, 404

Henderson, L. J., 149, 248

Hennings, C, 98

Hensen, Victor, 2, 247, 248

Hentschel, Ernst, 247, 256, 257, 280, 293

Herb stratum, communities of the, 385

Heredity, mechanism of, 25, 67

Hering, Martin, 162, 395

Herms, W. B., 172

Herrera, A. L., 130

Herrick, G. W., 184

Hersh, Roselle K., 69, 70

Hesse, Richard, 219, 247

Hessian fly, 224

Heterodynamic, 124

Hewitt, C. G., 173

Hexagenia, 338

Heyde aktinophotometer, 11 n

Hiemal, 386

Hill, Leonard E., 108

Hisaw, F. L., 133, 134

Hjort, John, 247, 255, 257, 262, 264

Holdaway, F. G., 99, 191, 222

Holodynamic, 124

Holtzmann, Mack, 86

Homoiothermic, animals, 42

organisms, 123

Hopkins, A. D., 222, 223

bioclimatic law of, 239

Hooker, H. D., 26

Hot spring, 59

Houghton, F. C., Ill

Hubbard, H. G., 163

Huber, Gottfried, 306

Huff, N. L., 284, 328

Hult, R., 236

Humboldt, Alexander von, 1

Humidifying, 94

Humidity, 85

absolute, 85

constant, maintaining of, 92

optimum, 108

relative, 85, 86, 95, 105, 226

Humphreys, Wm. J., 135, 136, 140

Hunter, W. D., 171

Huntington, Ellsworth, 109, 225

Hurd, Willis E., 137

Huxley, T. H., 184

Hydra, 334

Hydrobiology, general references on, 247

institutions devoted to study of, 248

Hydrogen ion concentration, 146, 148,

150-153, 321

effect of, upon animals, 150

on behavior of animals, 151-153

on physical processes, 150

Hydrometry, 348

Hydro-psyche, 349

Hydropsychidae, 352, 353

Hydroxyl ions, 149

Hygrometer, 86, 87

Hygrometry, 253, 262

Hygroscopic coefficient, 86, 87, 88

Hygroscopicity, maximum, 365

.

Hygrostat, 93

Hypolimnion, 311, 325

Hyponomeuta podella L, 162

Hypotrichida, protozoa, 240

Hyther, 226

Hythergraph, 226

Illuminometer, 11 n, 15

of'MacBeth, 11 n
Individuals, abundance of, in species-

nets, 399

in species-traps, 398

Influent, 386

predominants, 396
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Insect fauna, effect of physical conditions

of environment, 376

foliage-feeding, 395

gall-forming, 395

seasonal occurrence of, 405

temperature reactions, maximum, 380,

381, 393

minimum, 380, 381

test of, 379

Insecta, class of, 173

Insects, algophagous, 161

atrophic, 160

cannibalistic, 160

detritivorous, 160

digestive powers of, 169

ecto-parasitic, 160, 162

endo-parasitic, 160, 162

food habits of, 160

gallivorous, 161

haematophagous, 160

harpophagous, 161, 162

herbivorous, 160

heterophagous, 160

koprophagous, 160

lichenophagous, 161

melliphagous, 161

monophagous, 160

mycetophagous, 161

nekrophytophagous, 161

pantophagous, omniverous, 160

phytophagous, 160-163

phyto-succivorous, 161

pigment of, 173

pollenophagous, 161, 162

predatory, 160

saprophytophagous, 161, 162

zoonekrophagous, 160

zoophagous, 160

zoosaprophagous, 160

zoosuccivorous, 160

zylophagous, 161, 163

Ions, dissociated, 147

measuring, methods of, 148

Isobionen, 226

Isophanes, 224

Isopods, 27

Jewell, Harold, 321, 322, 352

Johnson, Charles W., 59

Johnson, George E., 123

Johnson, M. S., 335

Johnstone, James, 257, 280, 285

Jones, L., 225

Jucci, Carlo, 124

Juday, Chancey, 247, 248, 261, 262-265,

268, 270-273, 281, 283, 285, 309,

310, 314, 316, 318, 321, 324-326,

328, 330, 335, 340

Justophot, Drew, 11

K

Kando, Sakyo, 134

Kanitz, Aristides, 34

Kanolt, C. W., 40

Kara-Kum Desert, 373, 374

Kashkarov, Daniel, 373, 374

Katheriner, 23

Kellerman, 21

Kemmerer, George, 312

sampler, 281

Kendall, James, 251

Kendeigh, C, 42

Kennedy, C. H., 219

Kimball, 10

pyrheliometer of, 11, 12

King, Kenneth, 368

King, W., 235

Kinsey, A. C, 395

Klugh, A. Brooker, 11, 263, 265, 297,

356, 360

ectophotometer of, 13

Knight, Harry H., 66, 67, 103, 173

Kofoid, Charles A., 355

Koppen, W., 112

Krafka, Joseph Jr., 70, 71

Krogh, August, 46-49, 52, 53, 141

law of, 46, 198

Kuhn, 65

Kunz, J., 14

Kurbatov, Victor, 373, 374

Jacobs, Merkel H., 47

Janich, Ernst, 48

Japanese beetle, 48, 50

(See also Popillia japonica N.)

Lakes, 304-341

amino-acids present in, 319

classes of, 304

compounds, 319

concentration of materials, 317

fauna of, typical, 323
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Lakes, furiotile, 347

gases of, 322

hard-water, 321

heat budgets of, 312

annual, 312

gross, 312

summer heat income, 313

wind disturbed, 313

life present, quantity of, 340

limnopelogic animals of, 323

medium-water, 321

movements of water, by wind, 317

neutrality, 320

nitrogen, forms of, 319

orders of, first, second and third, 305

physical characteristics, autumnal

overtures, 312, 323

hypolimnion, 310

light, 306

temperature, 310

mean winter, 313

summer, 313

thermocline, its significance, 310, 311

vernal overtures, 312, 323

plants in, quantity of, 333

pressure, 322

proteins present in, 319

soft-water, 321

transparency, 306, 309

types of, autotrophic, 307, 308, 318

autotrophic, 318

dystrophic, 305, 307, 308

entrophic, 305, 307, 322

oligotrophic, 304, 322

work, involved, direct, 316

of sun, on temperature, 316

of wind, on temperature, 314

Lamps, daylight, 41

Larsen, J. A., 390

Laurens, H., 26

Law of conservation of averages, 215, 424

of disturbance of averages, 216, 424,

437

of periodic cycle, 215, 424

Laws of variation, general, 436

Leads-Northrop, multiple recorder, 41

Lebedeff, A. F., 366

Lee, Milton O., 143

Lefroy, H. M., 184

Leibig's law, 107

Length of day, insects affected by, 21

Lenitic environment, 284, 293-301

biotic characteristics, 297

Lenitic environment, of communities, 293
movements of water in, 268

physical characteristics, measuring,

methods of, 263

resistance, 299

Lepidoptera, 170, 173, 297

melanism in, 173

Leucotermes, 143

Lewis, Elsie M., 43

Libellula pulchella, 151

Life zones, 72

Light, alternating darkness and, 22

artificial, 15, 20

conditions of, for experimental work,

22

controlling, methods of, 15

definition of, 8

as ecological factor, 8-28

effects of, on behavior of animals, 26

on biological processes, 16

on color, form and structure, 23

on mechanism of heredity, 25

on physical and chemical processes,

16

as factor in animal ecology, 16

intensity, Bunsen-Roscoe law of, 18, 26

measuring, methods of, 1

1

Light-trap, experiments, 137

Lillie, F. R., 248

Limnobenthos, 285

Liparis dispar, 211

Littoral-phytol, 339

Livingston, B. E., 89, 90, 92, 222

Lloyd, Blodwen, 274, 283, 284, 297, 298,

334, 335, 353

Loeb, J., 134

Lohman, H., 247, 256, 327

Loomis, Helen A., 334

Lope, D. V., 130

Lotic environment, 347-357

characteristics of, biotic, 352

general, 347

physical, 347

conditions in various types of, 356

gaSes of water of, 351

light, 349

materials in solution, 351

neutrality of medium, 351

quantity of organisms present in, 355

temperature, 350

transparency, of water, 350

Lotic organisms, biotic potential of, 354
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on rates of biological processes,

96

equivalent, 88

as factor in animal ecology, 95

and heat, effect of, on animals, 107,
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controlling, method of, 156

Odonata, 297

zyoptera, 297

Oekologie, definition of, 2

Oettingen, August von, 46
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recording of, measurements in, 128
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Vitamin C, 158

Vitamin D, 20, 158

Vitamin E, 158

Volterra, Vito, 6, 205, 207, 211, 215, 409 n
Volvox, 26, 27 '

Vorticella, protozoa, 240

W

Waksman, Salman A., 361, 367, 368

Walker, C. W., 354, 355

Wallace, A. R., 219

Ward, H. B., 247, 281

Ward, Robert DeC, 222

Wardle, R. A., 405

Warming, E., 236

Water, beetles, 59

bound, 114

capillary, 88

characteristics of, as environment, 248

chemical properties of, 251

salinity, 255

solubility, 251

stability, 251
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Zooculture, terrestrial, 360

Zoogeography, 6, 219-230

Zootrophic forms, 158













Date Due

—



ffiffir,"*"**

3 ,262 04^-WW

* t v<

m Is %n

KEEP CARD IN POCKET

IT IS IMPORTANT THAT
CARD BE KEPT IN POCKET




